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INTRODUCTION 


The  Coordinated  Research  Program  in  Pulsed  Power  Physics  is  a 
multi-investigator  program  involving  6  Principal  Investigators, 
1  Associate  Investigator  and  11  Graduate  Students.  Other  faculty 
investigators  from  Electrical  Engineerings,  Physics  and  Chemistry, 
also  interacted  and  cooperated  at  various  times.  The  program  is 
jointly  sponsored  by  AFOSR  and  ARO.  Some  8  refereed  journal 
articles  and  16  conference  proceedings  papers  were  published 
during  the  27  month  contract  period.  Several  other  papers  were 
prepared  and  two  Journal  papers  have  recently  been  submitted  for 
publication.  All  of  the  papers  listed  in  the  Faculty  Publication 
section  are  reproduced  in  the  Appendices.  The  main  projects  are 
Opening  Switches,  Spark  Gap  and  Arc  Discharge  Investigations,  and 
Exploratory  Concepts. 
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SUMMARY  OF  RESEARCH  OBJECTIVES 


for 


October  1984  -  January  1987 


OPENING  SWITCHES 


I  .  Investigation  of  repetitive  e-beam  controlled  discharges 
with  respect  to  the  influence  of  different  gas  properties 
such  as  attachment  rate  coefficient,  drift  velocity,  and 
Penning  ionization*  —  Modeling  of  diffuse  discharges, 

-v 

including  control  mechanisms. 

V 

II ^  Investigations  of  the  interaction  of  discharge  and  circuit 
for  discharge  pulses  with  short  risetimes. 

III.  Investigation  of  optogalvanic  effects  with  respect  to  their 
use  as  discharge  control  mechanisms^ 

IV.  Studies  of  concepts  for  optically  assisted,  externally 
sustained,  diffuse  discharge  switches. 

SPARK  GAP  AND  ARC  DISCHARGE  INVESTIGATIONS 

V. v  Studies  of  the  limitations  on  high  current,  high  energy 
switches  resulting  from  electrode  erosion. 

VI.  Investigation  of  x-ray  ionization  of  switch  gases. 

VII.  Investigation  of  insulator  performance  when  subjected  to 
repetitive  surface  discharge  switching. 


A  new  approach  to  field  distortion  triggering  of  spark 

gaps. 

/ 

Design,  construction,  and  testing  of  two  different  high 

voltage  linettype  pulsers.  >  / 

/ 

An  electromagnetic  method  for  injecting  a  projectile  into  a 


mass  driver. 


OPENING  SWITCHES 


(G.  Schaefer,  K.H.  Schoenbach,  H.  Krompholz, 

M.  Kristiansen,  B.E.  Strickland,  R.A.  Korzekwa, 
D.  Skaggs,  G.Z.  Hutcheson,  and  K.R.  Rathbun) 


I.  Summary  of  the  Investigations  of  Repetitive  E-Beam  Controlled 
Discharges 

The  primary  objective  of  this  work  is  to  study  control  proc¬ 
esses  in  externally  sustained  or  controlled  diffuse  discharges, 
with  respect  to  their  application  as  opening  switches.  Concepts 
for  diffuse  discharge  opening  switches  have  been  developed,  exper¬ 
imental  facilities  have  been  assembled  and  experiments  have  been 
performed  to  investigate  the  applicability  of  these  concepts. 
Computer  codes  have  been  developed  and  applied  to  different 
systems  to  allow  optimization  and  scaling. 

The  major  research  areas  during  the  research  period  1984/87 
in  the  field  of  diffuse  discharge  opening  switches  were: 

concepts  for  diffuse  discharge  opening  switches  (Section  II) 
the  electron-beam  sustained  diffuse  discharge  (Section  III) 
the  optically  controlled  diffuse  discharge,  where  optical 
control  either  means  increased  conductivity  of  the  discharge 
by  means  of  laser  radiation  or  optical  stimulation  of  loss 
processes  (Section  IV) . 


For  the  investigation  of  the  electron-beam  sustained  dis¬ 
charge  an  apparatus  was  designed,  operated,  and  improved,  which 
allows  investigations  of  repetitive  opening  in  the  time  range  of 
100  ns  at  current  levels  of  up  to  10  kA. 

Experiments  performed  with  this  device  concentrated  on  inves¬ 
tigation  on  the  influence  of  specific  gas  properties  on  the  char¬ 
acteristic  and  the  transient  behavior  of  the  discharges. 

The  investigations  on  optical  control  processes  concentrated 
on  two  mechanisms: 

1)  photodetachment 

2 )  photoenhanced  attachment 

and  their  influence  on  the  characteristics  of  externally  and  self 
sustained  discharges. 


II.  Opening  Switch  Concepts 

(G.  Schaefer  and  K.H.  Schoenbach) 


The  development  and  evaluation  of  new  switch  concepts  and  the 
utilization  of  new  processes  for  external  discharge  control  was  a 
permanent  issue  during  the  entire  research  period.  Individual 
processes  considered  in  the  last  two  years  are  presented  in  the 
next  two  sections.  A  general  overview  of  the  field  of  diffuse 
discharge  opening  switches  is  presented  in  a  review  article  which 
has  been  published  in  IEEE  Transactions  on  Plasma  Sciences  (Appen¬ 
dix  A)  .  A  short  review  was  also  presented  at  the  IEEE  Pulsed 
Power  Conference,  1985  (Appendix  B) . 
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III.  E-Beam  Controlled  Diffuse  Discharge  Switch 

(G.  Schaefer,  K.H.  Schoenbach,  H.  Krompholz,  M.  Kristiansen, 
B.E.  Strickland,  R.A.  Korzekwa,  D.  Skaggs,  and  G.  Hutcheson) 

The  work  on  electron  beam  sustained  discharges  for  switching 
applications  concentrated  on  three  gas  properties  of  the  gas 
mixtures  used  in  diffuse  discharge  switches:  1)  the  attachment 
rate  coefficient,  2)  the  drift  velocity,  and  3)  Penning  ioniza¬ 
tion. 

1)  To  achieve  low  losses  during  conduction  (at  low  E/N;  and 

fast  opening  and  high  hold-off  voltage  (at  high  E/N) 
attachers  have  to  be  used  with  an  attachment  rate  coefficient 
increasing  with  E/N.  Gas  mixtures  containing  such  attachers 
show  an  increased  resistivity  with  increasing  E/N.  If  the 
attachment  rate  increases  strongly  with  E/N,  a  negative 
differential  conductivity  is  also  found.  This  effect  was, 
for  example,  found  in  gases  recommended  by  the  group  of  L.G. 
Christophorou  at  Oak  Ridge  National  Laboratories,  such  as  gas 
mixtures  with  Argon  and  CH4  as  buffer  gases  and  admixtures  of 
attachers,  such  as  CF4 ,  C2F6,  and  C3F8.  The  experimental 

results  with  these  gases  were  presented  at  two  conferences 
(Appendices  C  and  D) . 

Although  such  a  characteristic  has  advantages  for  the 
closed  phase  and  for  the  opening  phase,  it  can  cause  several 
problems.  One  is  the  development  of  striations  in  the  inter¬ 
mediate  E/N  range.  This  effect  is  discussed  in  a  1985  IEEE 
Pulsed  Power  Conference  presentation  (Appendix  E) . 


Another  effect  is  the  interaction  of  an  element  with 
negative  differential  conductivity  with  a  high  impedance 
circuit.  Investigations  concerning  this  effect  were  pres¬ 
ented  in  one  of  the  1985  IEEE  Pulsed  Power  Conference  presen¬ 
tations  (Appendix  B)  and  in  a  paper  in  Applied  Physics  Let¬ 
ters  (Appendix  F)  .  The  most  recent  results  have  also  been 
presented  at  the  BEAMS  '86  Conference  (Appendix  G) . 

An  additional  possibility  to  shape  the  discharge  charac¬ 
teristic  is  to  use  two  attachers  with  attachment  cross  sec¬ 
tions  at  different  energies.  Several  gas  mixtures  were 
proposed  and  investigated  (Appendices  H  and  I) . 

A  third  effect  investigated  is  the  interaction  of  the 
electron  source  (e-beam)  with  the  attachers  used  in  the  gas 
discharge.  This  effect  is  discussed  in  two  conference  pro¬ 
ceedings  papers  (Appendices  B  and  C) . 

The  influence  of  the  drift  velocity  on  the  switch  per¬ 
formance  was  investigated  in  gas  mixtures  containing  Argon, 
Nitrogen  and  an  attacher.  These  results  are  submitted  for 
presentation  at  the  ICPIG  1987  (Appendix  J) . 

The  addition  of  a  Penning  additive  to  the  switch  gas  can 
increase  the  ionization  efficiency  of  the  electron  beam. 
The  Penning  additive,  however,  was  also  found  to  reduce  the 
breakdown  strength  of  the  gas  mixture.  These  results  will  be 
presented  at  the  1987  Gaseous  Dielectrics  Conference  (Appen- 


We  are  also  preparing  a  comprehensive  paper  on  the  ''Optimiza¬ 
tion  of  Gas  Mixtures  for  Electron  Beam  Sustained  Diffuse  Discharge 
Switches"  which  can  be  used  as  a  design  guideline  for  switches  for 
different  applications  (Appendix  L) . 

IV.  Optically  Controlled  Discharges 

(G.  Schaefer,  K.H.  Schoenbach,  and  G.Z.  Hutcheson) 

The  optical  control  mechanisms,  considered  to  be  most  suit¬ 
able  for  external  discharge  control,  are  photodetachment  and 
optically  enhanced  attachment  (Appendices  A  and  B)  .  The  influence 
of  these  effects  on  the  discharge  characteristic  has  to  be  inves¬ 
tigated  over  the  full  E/N  range  of  interest,  which  means  mainly 
for  externally  sustained  discharges  at  low  values  of  E/N  and  the 
transition  region  to  the  self  sustained  discharge.  The  experimen¬ 
tal  setup  used  for  these  investigations  is  a  transverse  electrode 
configuration  with  a  UV  source  incorporated  into  one  of  the  elec¬ 
trodes,  similar  to  a  TEA  laser.  Such  configurations  can  also  be 
used  as  optically  sustained  discharge  opening  switches.  This 
setup  in  combination  with  a  dye  laser  was  used  to  investigate  the 
influence  of  photodetachment  on  the  characteristics  of  an  exter¬ 
nally  sustained  discharge.  Strong  resistance  changes  were  observ¬ 
ed  under  the  influence  of  photodetachment.  Photodetachment  was 
also  found  to  improve  the  discharge  stability  significantly.  A 
paper  has  been  submitted  to  the  Journal  of  Applied  Physics  (Appen- 
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SPARK  GAP  AND  ARC  DISCHARGE  INVESTIGATIONS 

(A.L.  Donaldson,  M.  Ingram,  P.  Ranon, 

H.  Krompholz,  and  M.  Kristiansen) 

Electrode  erosion  is  one  of  the  main  limiting  features  of 
high  current  switches,  such  as  spark  gaps.  The  erosion  leads  to 
erratic  behavior  of  the  switch  and  quantitative  information  for 
engineering  design  is  essentially  non-existent.  Most  available 
data  are  single  point  data,  i.e.  data  taken  for  a  specific  appli¬ 
cation,  and  are  very  difficult  to  extrapolate  to  other  parameter 
regimes  with  any  level  of  confidence. 

V.  ELECTRODE  EROSION 

(A.L.  Donaldson,  H.  Krompholz,  and  M.  Kristiansen) 

The  work  performed  during  this  contract  period  has  primarily 
focused  on  addressing  the  limitations  on  relatively  high  current 
(<200  kA) ,  high  energy  switches  resulting  from  electrode  erosion. 
As  a  result  of  the  work  summarized  here,  investigations  at  still 
higher  current  levels  (200-600  kA)  were  performed  with  support 
from  an  SDIO-DNA  contract.  At  these  levels  the  erosion  process  is 
much  more  interesting  since  a  larger  variety  of  phenomena  are 
occurring  simultaneously  and  the  need  for  reducing  the  erosion 
rate  is  much  more  acute.  Nevertheless,  it  was  the  results  obtain¬ 
ed  under  the  AFOSR  contract  which  enabled  a  clear  and  concise 
frame  work  of  the  erosion  processes  to  be  obtained,  which  could  be 
extended  to  higher  current  levels. 
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The  goals  for  the  combination  of  both  research  efforts  con¬ 
sisted  of: 

1)  produce  an  annotated  bibliography  including  recent  transla¬ 
tions  of  Soviet  work, 

2)  determine  the  detailed  role  of  various  variables  of  interest, 

3)  clarify  the  discrepancies  of  previous  experimental  results, 

4)  use  the  above  to  determine  scaling  relations  for  parameters 
of  interest, 

5)  use  the  above  to  select  materials  for  a  particular  applica¬ 
tion, 

6)  develop  from  the  above  and  from  our  own  experimental  studies, 
a  systematic  framework  from  which  the  electrode  erosion  could 
be  described, 

7)  design  and  test  "new"  state-of-the-art  materials. 

The  strategies  used  to  accomplish  these  goals  were: 

•  identify/classify/describe  both  thermal  and  material  removal 
mechanisms, 

•  examine  solutions  to  the  appropriate  equations  which  ade¬ 
quately  describe  these  mechanisms  (e.g.  thermal  conduction, 
magneto-hydrodynamics ,  etc . ) 

•  determine  the  implication  of  these  solutions  on  the  electrode 
erosion  as  a  function  of  engineering  variables, 

•  identify  areas  for  further  model  development, 

•  use  the  above  to  design  "new"  materials  for  use  as  elec¬ 
trodes, 

•  measure  electrode  erosion  under  a  wide  number  of  conditions 
(peak  current,  charge  transfer,  electrode  material,  gas 
pressure,  gap  spacing,  electrode  diameter) . 


Specific  results  are  summarized  in  the  following  paragraphs: 

An  extensive  library  has  been  compiled  on  arc  erosion  (over 
350  papers  to  date) ,  including  numerous  translations  from  the 
Soviet  literature  (provided  by  the  U.S.  Army  FSTC,  Mr.  Larry 
Turner,  and  the  U.S.  Air  Force  FTD,  Mr.  Barry  Ballard).  Consider¬ 
able  interest  for  this  collection  has  been  expressed  by  the  scien¬ 
tific  community  and  an  annotated  bibliography  is  currently  nearing 
completion.  Not  only  have  these  papers  provided  the  information 
necessary  to  design  the  experiments  needed  to  accomplish  our  goals 
but  they  also  served  to  bring  to  our  attention  many  well  documen¬ 
ted  aspects  of  the  erosion  process  which  have  been  overlooked  in 
the  West. 

Materials  testing  took  place  for  both  low  current  (10-100  kA) 
and  high  current  (100-500  kA)  regimes.  Material  rankings  were 
obtained  in  both  of  these  regimes  for  a  large  number  of  materials, 
including  CuC,  CuMo,  CuNb,  CuW,  CuWLaB6,  C,  Mo,  CuZr,  CuCrZr, 
CUAI2O3,  Cu,  and  Al.  Explanations  were  also  developed  for  changes 
in  relative  material  performance  occurring  in  the  transition  from 
low  to  high  current. 

Several  surface  damage  mechanisms  were  investigated  in  the 
low  current  regime,  including  crack  formation  in  stainless  steel 
due  to  the  presence  of  manganese  stringers  and  thermal  stress  (see 
Appendix  N) . 

The  discontinuity  effect  (a  rapid  transition  in  the  electrode 
erosion  rate  as  a  function  of  peak  current,  charge,  etc.)  was 
investigated  as  a  function  of  pressure,  gap  spacing,  electrode 
area,  material,  and  relative  initial  charging  polarity.  Its 


qualitative  location  as  a  function  of  these  variables  was  deter¬ 
mined,  as  well  as  the  physical  basis  for  its  existence.  These 
results  are  reported  as  part  of  a  DNA/SDIO  contract. 

In  the  high  current  regime,  the  significance  of  vapor  jet 
heating  of  the  opposite  electrode  as  one  of  the  major  energy 
sources  leading  to  electrode  erosion  was  also  confirmed. 

VI.  X-RAY  IONIZATION  OF  SWITCH  GASES 

(M.  Ingram  and  N.  Kristiansen) 

Novel  trigger  mechanisms  for  spark  gaps  are  always  of  inter¬ 
est.  In  a  large  array  of  spark  gaps,  one  can  conceive  of  using  a 
wide  area  burst  of  x-rays  to  trigger  the  gaps  with  low  relative 
jitter.  A  cold  emission  flash  x-ray  tube  was,  therefore,  used  to 
investigate  spark  gap  triggering  at  switch  pressures  of  1,  3,  and 
5  atmosphere  of  various  gases  (Air,  N2,  and  SFg) .  The  available 
x-ray  flux  was  quite  low  and  the  results  were  inconclusive.  The 
delay  times  (>  100  ns)  and  jitter  (>  10  ns)  were  quite  high  but 
it  was  not  possible  to  increase  the  x-ray  flux  or  energy  with  the 
available  resources  (M.  Ingram,  M.S.  Thesis,  Texas  Tech  Univer¬ 
sity,  1985) . 

VII.  SURFACE  DISCHARGE  SWITCHING 

(P.  Ranon,  M.  Kristiansen,  and  L.  Hatfield) 

Insulators  in  the  vicinity  of  high  current  discharges  (e.g. 
in  switches  and  mass  drivers)  are  subject  to  intense  heat  and 


radiation  fluxes.  This  often  leads  to  insulator  degradation 
and/or  catastrophic  failures. 


A  dielectric  surface  discharge  switch  with  peak  currents  in 
excess  of  100  kA  and  a  repetition  rate  of  1/3  pulse  per  second  was 
used  to  evaluate  various  possible  insulators.  It  was  found  that 
some  insulators  quickly  developed  permanent  damage,  whereas  others 
recovered  their  dielectric  strength  if  allowed  to  cool  off.  These 
insulators  (e.g.  Delrin  and  Teflon)  typically  decreased  their 
surface  voltage  hold-off  strength  to  about  50-75%  of  the  initial 
value  after  about  20  shots.  These  results  are  described  further 
in  Appendix  O. 
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EXPLORATORY  CONCEPTS 


(6.  Schaefer,  B.  Pashaie,  P.F.  Williams,  K.H.  Schoenbach,  H. 
Krompholz,  J.R.  Cooper,  K.  Ikuta,  and  M.  Kristiansen) 


The  "Exploratory  Concepts"  part  of  this  research  program  was 
intended  to  enable  investigations  of  promising  concepts  and  ideas 
which  arose  during  the  investigations.  The  expectation  was  to 
enable  short  studies  to  determine  the  feasibility  of  these  ideas 
which  invariably  occur  during  such  a  multi-investigator  program. 


VIII.  Field  Distortion  Triggering 

(G.  Schaefer,  B.  Pashaie,  P.F.  Williams, 
K.H.  Schoenbach,  and  H.  Krompholz) 


A  new  approach  to  field  distortion  triggering  of  spark  gaps 
has  been  investigated.  Unlike  in  common  field  distortion  trigger¬ 
ed  gaps,  field  enhancement  at  the  surface  of  one  of  the  main 
electrodes  is  utilized  . 

A  common  gap  using  field  distortion  triggering  is  initially 
designed  to  provide  optimum  performance.  A  trigger  electrode  is 
then  added,  shaped  and  located  on  an  equipotential  surface.  When 
a  trigger  pulse  is  applied,  field  enhancement  occurs  at  an  edge  of 
this  trigger  electrode  and  in  most  cases  cascade  breakdown  is 
initiated. 


vv.v  ;  .•  _  v  v.-' . 


Field  enhancement  at  one  of  the  main  electrodes  can  be  uti¬ 
lized  if  the  trigger  electrode  shields  this  electrode  in  the  hold- 
off  state  and  direct  breakdown  between  the  main  electrodes  in 
initiated.  An  experimental  set-up  to  prove  this  trigger  concept 
has  been  designed  and  constructed.  Test  experiments  showed  the 
feasibility  of  this  concept  (Appendix  P) .  Field  calculations  for 
different  spark  gap  parameters  allow  the  optimization  of  the  gap 
geometry  for  this  new  method  which  is  discussed  in  Appendix  Q. 

IX.  SLOW  WAVE  LINE  PULSERS 

(H.  Krompholz,  J.R.  Cooper,  J.  Doggett, 

K.H.  Schoenbach,  and  G.  Schaefer) 

The  advantages  of  using  a  coaxial  line  with  helical  inner 
conductor  as  a  pulse  generator,  compared  to  the  usual  pulse  form¬ 
ing  networks  (LC-chains)  or  cable  discharges,  are 

rectangular  output  pulse  without  oscillations  inherent  to  LC- 
chains 

small  physical  length  as  compared  to  ordinary  coaxial  lines 
designed  to  produce  the  same  pulse  duration. 

Theoretical  investigations  on  the  limiting  factor  for  helical 
slow  wave  structures  (dispersion)  where  first  performed  for  a 
transmission  line  current  sensor  and  unit  step  response,  which  is 
equivalent  to  an  initially  charged  waveguide  pulse  generator  (see 
Appendix  R) . 

Two  experimental  set-ups  were  built  to  prove  the  theoretical 
results  as  discussed  in  Appendix  S. 


X.  PROJECTILE  INJECTION  INTO  A  MASS  DRIVER 
(K.  Ikuta  and  M.  Kristiansen) 

A  novel  concept  for  injecting  projectiles  into  a  mass  driver 
was  conceived  and  studied.  The  main  idea  is  to  utilize  a  conical 
liner  implosion  to  push  an  incompressible  fluid  which  acts  on  the 
projectile.  The  concept  is  outlined  in  a  publication  (Appendix 
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to  the  J.  Appl .  Physics. 


INTERACTIONS 


Papers  Presented 


During  the  contract  period  (October  10,  1984 

14,  1987),  the  following  papers  were  presented,  in 
to  those  listed  as  conference  proceeding  papers: 


January 

addition 


J.R.  Cooper,  K.H.  Schoenbach,  G.  Schaefer,  J.M.  Proud,  and 
W.W.  Byszewski,  "Magnetic  control  of  Low  Pressure  Glow  Dis¬ 
charges,"  37th  Gaseous  Electronics  Conference,  Boulder,  CO. 
CO,  Oct.  1984. 

M.R.  Wages,  P.F.  Williams,  G.  Schaefer,  and  K.H.  Schoenbach, 
"Streak  Photographic  Studies  of  Trigatron  Triggered  Break¬ 
down,"  37th  Gaseous  Electronics  Conference,  Boulder,  CO,  Oct. 
1984. 

-Invited-  K.H.  Schoenbach  and  G.  Schaefer,  "External  Control 
of  Diffuse  Discharge  Switches,"  12  IEEE  Int.  Conf.  Plasma 
Sci.,  Pittsburgh,  PA,  June  1985. 

G.  Reinking,  G.  Schaefer,  K.H.  Schoenbach,  and  G.  Hutcheson, 
"Attachment  of  Initial  Secondary  Electrons  in  an  Electron 
Beam  Sustained  Discharge,"  12th  IEEE  Int.  Conf.  Plasma  Sci., 
Pittsburgh,  PA,  June  1985. 

J.R.  Cooper,  K.H.  Schoenbach,  and  G.  Schaefer,  "Magnetic 
Control  of  Low  Pressure  Diffuse  Discharges,"  Joint  Symp. 
Swarm  Studies  and  Inelastic  Electron  Molecule  Collisions, 
Lake  Tahoe,  NV,  July  1985. 
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6.  A. L.  Donaldson,  A.  Watson,  and  M.  Kristiansen,  "Investigation 
of  the  Discontinuity  effect  in  High  Energy  Spark  Gap  Ero¬ 
sion,"  27th  Annual  Meeting,  APS  Division  of  Plasma  Physics, 
San  Diego,  CA,  Nov.  1985. 

7.  G.  Schaefer,  K.H.  Schoenbach,  M.  Kristiansen,  and  E.  Strick¬ 
land,  "Negative  Differential  Conductivity  in  E-Beam  Sustained 
Discharges,"  27th  Annual  Meeting  Division  of  Plasma  Physics, 
American  Physical  Society,  San  Diego,  CA,  Nov.  1985. 

8.  A. L.  Donaldson,  A.  Watson,  and  M.  Kristiansen,  "Scaling  Laws 
for  High  Energy  Gap  Erosion  as  a  Function  of  Peak  Current," 
28th  Annual  Meeting  of  the  Plasma  Physics  Division,  American 
Physical  Society,  Nov.  1986,  Baltimore,  MD. 

b)  Consultative  and  Advisory  Functions 

During  the  contract  period,  the  following  functions  were 
undertaken: 

1.  Dr.  Kristiansen  served  on  the  USAF  Scientific  Advisory 
Board. 

2.  Dr.  Kristiansen  served  on  the  USAF  Ad  Hoc  Committee  on  "High 
Power  Microwave  Systems". 

3.  Dr.  Kristiansen  served  on  the  USAF  Ad  Hoc  Committee  on  the 
"Effects  of  HEMP  on  Military  C3". 

4.  Dr.  Kristiansen  served  on  the  USAF  Ad  Hoc  Committee  on  "Basic 
Science" . 

5.  Dr.  Kristiansen  was  a  member  of  the  NASA  Workshop  on  "Plasma 
Physics  and  Fusion  Scientific  Activity  for  the  Space  Sta¬ 
tion"  . 
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6.  Dr.  Kristiansen  served  as  a  consultant  to  LANL  and  LLNL. 

7.  Dr.  Kristiansen  worked  with  personnel  from  Maxwell  Labs, 
WPAFB,  and  Boeing  Co.  to  resolve  a  critical  problem  related 
to  an  Air  Force  project  (see  Appendix  U) . 

c)  Other  Interactions 

Numerous  interactions  with  other  universities,  industry 
and  government  laboratories  were  carried  out  during  the 
contract  period.  Our  group  effectively  served  as  a  coordina¬ 
tion  point  for  much  of  the  ongoing  work  in  high  power  gas 
discharges  for  switching  applications  in  the  U.S. 

1.  Prof.  M.  Kristiansen  co-chaired  the  ARO  supported  workshop  on 
Foreign  Switch  Technology  (Tamarron  V),  March  6-8,  1984. 

2.  Prof.  M.  Kristiansen  attended  the  Technical  Program  Review 
Meeting  for  the  5th  IEEE  Pulsed  Power  Conference,  Wash.,  DC, 
Jan.  1985 

3.  Prof.  M.  Kristiansen  visited  with  Dr.  B.  Kulp,  the  Air  Force 
Systems  Command,  Wash.,  DC,  Jan.  1985. 

4.  Prof.  M.  Kristiansen  attended,  by  invitation,  a  NASA  Work¬ 
shop,  and  also  met  with  Mr.  L.  Webster  of  the  U.S.  Army 
Ballistic  Missile  Defense,  May  1985. 

5.  Prof's.  G.  Schaefer  and  K.H.  Schoenbach  attended  the  12th 
IEEE  Int.  Plasma  Sci.  Conf . ,  Pittsburgh,  PA,  June  1985. 

6.  Prof.  G.  Schaefer  visited  the  Department  of  Physics,  Univer¬ 
sity  of  Pittsburgh,  PA,  (Prof's.  F.  Biondi  and  R.  Johnsen) 


June  1985. 


7.  Prof.  G.  Schaefer  visited  the  Westinghouse  Research  Labora¬ 
tory,  Pittsburgh,  PA,  (Dr's.  P.  Chantry  and  L.  Kline)  June 
1985. 

8.  Prof.  G.  Schaefer  visited  Oak  Ridge  National  Laboratory,  TN, 
(Prof.  L.  Christophorou)  June  1985. 

9.  Prof's  M.  Kristiansen,  L.  Hatfield,  K.H.  Schoenbach,  and  G. 
Schaefer  attended  the  5th  IEEE  Pulsed  Power  Conference  in 
Arlington,  VA,  June  1985. 

10.  Prof's.  M.  Kristiansen  and  G.  Schaefer  attended  the  Int. 
Conf.  on  Phenomena  in  Ionized  Gases,  Budapest,  Hungary,  July 
1985. 

11.  Prof.  G.  Schaefer  visited  the  Karlsruhe  Nuclear  Research 
Center,  West  Germany  (Prof's.  W.  Schmidt  and  Citron),  July 
1985. 

12.  Prof.  G.  Schaefer  visited  the  Department  of  Electrical  Engi¬ 
neering,  Technical  University  Darmstadt,  West  Germany  (Prof. 
W.  Pfeiffer),  July  1985. 

13.  Prof.  G.  Schaefer  visited  the  High  Voltage  Institute,  Techni¬ 
cal  University  Braunschweig,  West  Germany  (Prof.  J.  Salge) , 
July  1985. 

14.  Prof.  G.  Schaefer  visited  the  Air  Force  Weapons  Laboratory, 
Albuquerque,  NM  (Chief  Scientist  Dr.  A.  Guenther)  August 
1985. 

15.  Prof.  G.  Schaefer  participated  in  the  Organizing  Committee 
meeting  for  the  Workshop  "Research  Issues  in  Power  Condition¬ 
ing",  Los  Angles,  CA  (Prof.  M.  Gundersen)  Sept.  1985. 
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16.  Prof.  Kristiansen  visited  with  personnel  at  Eglin  AFB,  Oct. 

1985. 

17.  Prof.  Kristiansen  co-chaired  the  Eglin  AFB  support  workshop 
on  Opening  switches  for  Railguns  (Tamarron  VI),  March  11-13, 

1986. 

18.  Prof.  Kristiansen  and  Schaefer  attended  the  International 
Conference  on  Plasma  Science  and  Technology,  Beijing,  China, 
June  1986  and  the  BEAMS  '86  Conf.  in  Kobe,  Japan,  June  1986. 

19.  Prof.  M.  Kristiansen  attended  the  17th  Power  Modulator  Sym¬ 
posium  and  presented  two  research  papers  (work  supported  by 
AFOSR/ARO) ,  Seattle  WA,  June  1986. 

20.  Prof.  M.  Kristiansen  worked  with  Dr.  A.  Guenther,  Chief 
Scientist  of  the  AFWL,  on  research  issues  related  to  AFOSR 
research  contract,  Albuquerque,  NM,  August  1986. 

21.  Prof.  M.  Kristiansen  gave  an  invited  paper  at  the  Inaugural 
Meeting  of  the  United  Kingdom  Pulsed  Power  Club,  London,  UK, 
September  1986 

22.  Prof.  M.  Kristiansen  attended  the  American  Physical  Society 
Plasma  Physics  Division  Meeting,  chaired  one  session  and 
presented  two  research  papers,  Baltimore,  MD,  November  1986. 
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ADVANCED  DEGREES  AWARDED 


(1984-1987) 


1.  Henry  Charles  Harjes,  Ph.D.,  "An  Electron  Beam  Controlled 
Diffuse  Discharge  Switch,"  May  1985. 


2.  Leo  Erasmus  Thurmond,  M.S.,  "Photodetachment  as  a  Discharge 
Control  Mechanism  in  Gases  Containing  Oxygen,"  May  1985. 


3.  Brian  Lee  Maas,  M.S.,  "Arc  Current,  Voltage,  and  Resistance 
in  a  High  Energy,  Gas-Filled  Spark  Gap,"  May  1985. 


4.  Randy  Dale  Curry,  M.S.,  "Triggering  of  Surface  Discharge 
Switches,"  August  1985. 


5.  Michael  Ingram,  M.S.,  "X-Ray  Preionization  for  Triggering 
Spark  Gaps,"  May  1986. 


6.  Brian  Edward  Strickland,  M.S.,  "Negative  Differential  Conduc¬ 
tivity  in  E-Bearo  Sustained  Diffuse  Discharges  for  Switching 
Applications,"  May  1986. 


7.  George  Zohn  Hutcheson,  Ph.D.,  "Optically  Controlled  Diffuse 
Discharges  for  Switching  Applications,"  August  1986. 


8.  James  Randall  Cooper*,  Ph.D.,  "Magnetic  Field  Control  of  Low 
Pressure  diffuse  Discharges,"  December  1986. 
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9.  Douglas  S.  Skaggs,  M.S.,  "Current-Voltage  Characteristics  of 
Electron-Beam  Controlled  Diffuse  Discharges,"  May  1987. 

10.  Courtney  Holmberg+,  M.S.,  "Optically  Enhanced  Attachment 
Processes  in  Diffuse  Discharges,"  May  1987, 

11.  Peter  Miyagi  Ranon+,  M.S.,  "Insulator  Degradation  Resulting 
from  High  Current  Surface  Discharges,"  May  1987. 


+  (AFIT)  Graduate  Student 
*  Also  supported  by  other  contracts 
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SEMINARS 
1984  -  1987 


1.  Wayne  W.  Hofer  "High  Power  Microwave  Research" 

October  3,  1984 

Lawrence  Livermore  National  Laboratory 
Livermore,  CA 

2.  Osamu  Ishihara  "Nonlinear  Evolution  of  Two-Stream 

Instabilities" 

December  17,  1984 
University  of  Saskatchewan 
Saskatchewan,  Canada 

3.  William  C.  Nunnally  "Photo-Conducting  Power  Switches" 
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A  Review  of  Diffuse  Discharge  Opening  Switches 
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AhMO-Tkc  bask  operation  principles  of  externally  controlled  dif¬ 
fuse  discharges  with  respect  to  their  application  as  opening  switches 
are  discussed.  Discharge  sustainment  by  electron  and  UV  ionization 
and  additional  control  mechanisms,  such  as  photodetachment  and  op¬ 
tically  enhanced  attachment,  are  considered.  Special  emphasis  is  given 
electron- beam  (e-beam)  controlled  switches.  For  such  systems,  design 
criteria  are  discussed  and  a  summary  of  experimental  switch  results  is 
presented. 


I.  Introduction 

NDUCTIVE  energy  storage  is  attractive  in  pulsed 
power  applications  because  of  its  intrinsic  high-energy 
density  compared  to  capacitive  storage  systems.  The  key 
technological  problem  in  developing  inductive  energy 
storage  systems,  especially  for  repetitive  operation,  is  the 
development  of  opening  switches.  Promising  candidates 
for  repetitive  opening  switches  are  electron-beam  (e- 
beam)  or  laser-controlled  diffuse  discharges. 

In  a  “diffuse  discharge  opening  switch,”  the  switch 
medium  is  an  externally  sustained  discharge.  Most  of 
the  research  on  externally  sustained  high-pressure  ( >  1 
atm),  diffuse  discharges  has  been  performed  with  respect 
to  its  application  for  molecular  lasers.  The  most  common 
sustainment  method,  the  e-beam  controlled  discharge 
technique,  was  used  by  Daugherty  el  at.  in  1971  (1)  to 
operate  large-volume  high-energy  C02  lasers.  The  use  of 
diffuse  discharges  as  fast  closing  and  opening  switches 
was  first  proposed  in  1974  by  Hunter  [2],  [3]  and 
Koval’chuk  and  Mesyats  [4],  [5]. 

A  schematic  diagram  of  an  externally  controlled  open¬ 
ing  switch  as  part  of  an  inductive  energy  storage  system 
is  shown  in  Fig.  1.  When  the  gas  between  the  electrodes 
is  ionized  by  an  e-beam  or  by  radiation,  it  becomes  con¬ 
ductive,  the  diffuse  discharge  switch  closes,  and  the  in¬ 
ductor  is  charged.  During  conduction,  the  reduced  elec¬ 
tric  field  strength  E/N  is  kept  in  a  range  where  ionization 
through  the  discharge  electrons  is  negligible.  When  the 
external  ionization  source  is  turned  off,  electron  attach¬ 
ment  and  recombination  processes  in  the  gas  cause  the 
conductivity  to  decrease  and  the  switch  opens.  Conse¬ 
quently,  the  current  through  the  inductor  is  commutated 
into  the  load,  and  the  voltage  across  the  load  increases 
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Fig.  1 .  Schematic  of  an  externally  controlled  opening  switch  as  pan  of  an 

inductive  energy  storage  system. 

according  to  the  impedance  ratio  of  load  and  storage  sys¬ 
tem. 

The  most  efficient  method  at  this  time  to  provide  for 
plasma  conductivity  is  the  e-beam  controlled  discharge 
technique.  Up  to  50  percent  of  the  e-beam  energy  can  be 
converted  directly  into  ionization  energy  [6].  The  remain¬ 
ing  energy  mainly  goes  into  excitation.  The  ionization  ef¬ 
ficiency  can  be  increased  further  by  using  Penning  gas 
mixtures,  where  part  of  the  excitation  energy  is  converted 
into  ionization  through  Penning  collisions  [7].  The  only 
way  to  reduce  the  conductivity  in  an  e-beam  sustained 
discharge  is  to  reduce  or  to  turn  off  the  e-beam.  Optical 
control  of  diffuse  discharges,  on  the  other  hand,  allows 
changing  of  the  conductivity  in  either  direction  [8].  By 
irradiating  a  discharge  with  radiation  in  the  wavelength 
range  corresponding  to  an  atomic  or  molecular  transition, 
the  electric  properties  of  the  plasma  can  be  modified 
through  optogalvanic  effects  [9].  An  attractive  concept  for 
an  externally  controlled  diffuse  discharge  switch  is  to 
combine  the  advantages  of  both  the  e-beam  and  optical 
control  to  create  an  e-beam  sustained  optically  assisted 
switch  [10]. 

II.  Discharge  Analysis 
A.  General  Considerations 

The  goal  of  a  discharge  analysis  of  an  externally  sus¬ 
tained  discharge  for  switching  applications  is  to  evaluate 
the  time-dependent  impedance  of  the  discharge  for  a  given 
time-dependent  electron  source  in  a  given  circuit.  Such 
an  analysis  will  allow  the  optimization  of  gas  mixtures 
and  operation  conditions.  A  complete  discharge  model 
must  consider  the  bulk  of  the  discharge  and  the  fall  re¬ 
gions,  especially  the  cathode  sheath.  It  must  provide  for 
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steady-state  solutions  and  the  transient  behavior,  and 
should  include  a  stability  analysis  of  the  discharge. 

Model  calculations  aimed  toward  discharge  applica¬ 
tions  for  opening  switches  have  concentrated  mainly  on 
the  bulk  of  the  discharge  (zero-dimensional),  on  the  influ¬ 
ence  of  the  proposed  optimum  gas  properties  (E/N  depen¬ 
dence  of  attachment  coefficient  and  mobility),  and  on  the 
transient  behavior  (time  dependence)  of  the  discharge  in 
an  inductive  energy  storage  circuit  [10]-[1S].  Bulk  dis¬ 
charge  models  are  based  on  solving  a  set  of  rate  equations 
for  the  charged  particles  and  those  excited  particles  that 
contribute  to  ionization.  The  steady-state  solution  of  the 
set  of  rate  equations  gives  the  V-l  characteristics  of  the 
discharge.  For  the  evaluation  of  its  transient  behavior  in 
a  given  circuit,  the  set  of  time-dependent  rate  equations 
and  the  circuit  equation  must  be  solved  simultaneously . 

To  solve  the  set  of  rate  equations,  the  rate  constants 
have  to  be  known  for  all  processes  contributing  to  the 
charged  particle  balance,  depending  on  the  reduced  field 
strength  E/N.  In  some  cases,  these  rate  constants  are  di¬ 
rectly  available  from  experiments.  If  only  cross  sections 
are  known,  the  rate  constants  have  to  be  calculated  using 
the  electron  energy  distribution  functions.  These  distri¬ 
bution  functions  have  to  be  calculated  for  a  specific  gas 
mixture,  with  E/N  as  the  variable  parameter,  using  a 
Bolzmann  code  or  a  Monte  Carlo  code. 

In  externally  sustained  discharges,  also,  the  electrons 
produced  by  the  external  source  have  to  be  considered. 
The  energies  of  the  initial  secondary  electrons  for  a  UV 
sustained  discharge,  for  example,  are  low  ( si  eV)  and 
do  not  influence  the  electron  energy  distribution  at  low 
values  of  E/N. 

The  initial  secondary  electrons  produced  by  an  electron 
beam,  however,  are  spread  over  a  wide  energy  range  [16]- 
[19]  and,  especially  at  low  values  of  E/N,  electrons  are 
produced  at  high  energies  where  otherwise  no  electrons 
are  found.  The  relaxation  of  these  electrons  has  been  cal¬ 
culated  for  several  gases,  especially  with  relevance  to  gas 
discharge  lasers  [20]— [25] .  The  relaxation  of  fast  elec¬ 
trons,  their  influence  on  the  electron  energy  distribution, 
and  the  consequences  on  an  e-beam  sustained  discharge 
as  a  switch  have  been  calculated  for  nitrogen  containing 
different  attachers  [25].  The  relaxation  time  was  found 
to  be  very  short  (<1  ns  for  atmospheric  pressure  N2). 
This  time  was  exclusively  spent  in  the  energy  range  from 
4  to  8  eV  where  N2  does  not  have  any  significant  inelastic 
cross  sections.  This  effect  causes  a  secondary  maximum 
in  the  distribution  function  as  shown  in  Fig.  2.  The  source 
function  of  an  e-beam  sustained  discharge  at  low  E/N  is 
therefore  significantly  reduced  if  attachers  are  used  which 
have  their  attachment  cross  section  in  the  energy  range  of 
this  secondary  maximum,  while  optically  sustained  dis¬ 
charges  are  not  affected  [26]. 

A  simplified  model  of  a  spatially  homogeneous  dis¬ 
charge  considers  only  the  charged  particles  [14],  All  ion¬ 
ization  processes  by  the  discharge  electron  are  neglected, 
and  two-body  dissociative  attachment  is  considered  to  be 
the  dominant  attachment  process.  The  rate  equations  are 
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F>I  2  Electron  energy  distribution  in  ui  externally  sustained  discharge 
in  Nj  at  EiN  -  1  Td  (a)  for  electron  generation  at  low  energies;  and  (b) 
for  an  e-beam  sustained  discharge,  with  a  source  function  of  S  »  S  •  10" 


then  given  as 

~df  "  S  “  k”n  +  n'  ~  k‘N‘n‘  (1) 

~  -  5  -  -  knn.n.  (2) 

~dT  "  k‘N‘n'  “  k«n+n-  (3) 

where  k„  and  kn  are  the  electron-ion  and  ion-ion  recom¬ 
bination  rate  coefficients,  respectively,  k ,  is  the  attach¬ 
ment  rate  coefficient,  N„  is  the  attacher  concentration  in 
the  gas  mixture,  and  5  is  the  source  function  (rate  of  elec¬ 
tron-ion  pair  production  by  the  e-beam).  Assuming  charge 
neutrality  in  the  discharge  so  that  n*.  *  n,  +  n.,  and  with 
the  assumption  that  *„  the  rate  equation  can 

be  solved  for  the  steady-state  electron  density  n„: 

n„  -  - -  -7=  (4) 

k.Nt  +  >ISkr 

and  for  the  steady-state  positive  ion  density  n*0: 

n*„  *  -Js/k,  ■  (5) 

For  electrons  that  are  the  dominant  current  earners,  the 
conductivity  is  given  as 

a  “  - 7=  (o) 

k.N.  +  vS*, 

where  p  is  the  electron  mobility.  This  solution  reduces  to 
the  attachment  dominated  solution  for  kmN,  »  k,n  +  : 
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and  the  recombination  dominated  solution  for  kaNa  « 


Since  the  diffuse  discharge  is  considered  to  be  used  as 
a  switch,  that  means  as  an  element  which  controls  the  en¬ 
ergy  flow  from  an  energy  storage  into  a  load,  the  power 
dissipated  in  the  discharge  should  ideally  be  negligible 
compared  to  the  power  commutated  to  the  load.  This  re¬ 
quires  a  high  conductivity  at  a  low  reduced  held  strength 
E/N.  The  desirable  gas  properties  for  the  conduction  phase 
are  therefore,  according  to  (6),  a  large  electron  mobility 
and  small  attachment  and  recombination  rate  coefficients 
at  low  E/N. 

In  order  to  minimize  losses  during  the  transition  from 
the  conductive  to  the  nonconductive  state  (opening  phase) 
the  switch  conductance  should  decay  as  fast  as  possi¬ 
ble.  A  simplified  analysis  of  the  opening  phase  is  given 
by  considering  the  rate  of  change  in  electron  density  (1) 
for  either  recombination  or  attachment-dominated  dis¬ 
charges.  For  a  nonattaching  gas  ( km  *  0),  the  relative 
change  of  electron  density  n,  (and  the  switch  conductivity 
o)  is  proportional  to  the  instantaneous  value  of  ne: 


dnjdt 


=  -ktn. 


dnjdt 


=  -kaNr 


IIJ -Tl 

:  ;  ut 

'■  10°  r  f  * 


i.e.,  the  relative  rate  of  change  slows  down  with  reduced 
electron  density.  In  an  attachment -dominated  discharge 
(kaNa  »  krn+ ),  on  the  other  hand,  the  relative  rate  of 
decay  is  not  dependent  on  the  electron  density: 


It  can  be  controlled  completely  by  the  type  and  concen¬ 
tration  of  the  electronegative  gas  added  to  the  buffer  gas. 

In  order  to  achieve  opening  times  of  less  than  1  ms  at 
initial  electron  densities  n ,  <  10u  cm-3,  the  dominant 
loss  mechanism  must  be  attachment.  That  means  that  the 
switch  gas  mixture  must  contain  an  electronegative  gas. 
On  the  other  hand,  additives  of  attaching  gases  increase 
the  power  loss  during  conduction.  Both  low  forward  volt¬ 
age  drop  and  fast  opening  can  be  obtained  by  considering 
the  E/N  dependence  of  rate  coefficients  and  transport  coef¬ 
ficients,  and  choosing  gases  or  gas  mixtures  that  satisfy 
the  following  conditions  (8],  [10],  [27],  [28]. 

a)  For  low  values  of  the  reduced  field  strength  E/N , 
characteristic  for  the  conduction  phase,  the  electron  drift 
velocity  w  should  be  large  and  the  attachment  rate  coef¬ 
ficient  k,  should  be  small  in  order  to  minimize  losses. 

b)  With  increasing  E/N,  characteristic  for  the  opening 
phase  of  a  switch  in  an  inductive  energy  storage  system, 
the  attachment  rate  coefficient  should  increase  and  the 
electron  drift  velocity  should  decrease  in  order  to  support 
the  switch  opening  process. 

c)  Additionally,  the  gas  should  have  a  high  dielectric 


Fif  3.  Measured  and  predicted  e-beam  switch  waveforms  in  methane  [3], 
( 14].  Impurity  attachment  rates:  (\)k.N,  •  0;  (2)  k.N.  -  7.2  •  10s  s' 

(3 )k.N.  -  2.2  ■  10*  s'1. 


strength  to  hold  off  the  expected  high  voltage  across  the 
switch  when  it  opens. 

B.  Specific  Gas  Mixtures 

Calculations  on  the  discharge  behavior  of  specific  gas 
mixtures  have  been  performed  by  several  authors.  Fem- 
sler  el  at.  [12]  studied  the  influence  of  an  admixture  of  an 
attacher  (62)  to  a  buffer  gas  (N2)  during  the  opening  phase 
of  the  discharge.  The  attachment  rate  of  the  three-body 
attachment  process  (e  +  02  +  N2  -*  02”  +  N2)  was  con¬ 
sidered  to  be  dominant  and  independent  of  E/N.  Short¬ 
ening  of  switch  opening  with  increasing  attacher  concen¬ 
tration  was  demonstrated. 

Kline  [14]  presented  calculations  on  discharges  in  N2, 
Ar,  N2 :  Ar  mixtures,  and  CH4  for  the  operation  range  of 
small  e-beam  current  densities  (some  mA/cm2).  The 
steady-state  analysis  presents  the  discharge  characteristic, 
the  switch  characteristic,  and  the  current  gain.  The  cur¬ 
rent  gain  in  an  e-beam  sustained  discharge  is  considered 
a  figure  of  merit  for  the  control  efficiency  of  the  diffuse 
discharge  switch.  It  is  defined  as  the  ratio  of  switch  cur¬ 
rent  to  sustaining  e-beam  current. 

Kline’s  transient  analysis  of  the  diffuse  discharge  [14] 
incorporates  the  influence  of  an  attacher;  however,  an  at¬ 
tachment  rate  independent  of  E/N  was  considered.  As  a 
result  of  the  calculations,  methane  was  found  to  be  the 
best  of  the  switch  gases  studied  since  it  exhibits  a  high 
electron  drift  velocity  at  low  values  of  E/N.  Fig.  3  shows 
the  measured  and  predicted  e-beam  switch  waveforms  in 
methane  for  the  experimental  conditions  of  Hunter  [3]. 
The  three  different  predictions  result  from  different  values 
for  the  attachment  rates  used  in  the  calculations. 

Schaefer  et  al.  [10]  presented  calculations  on  dis¬ 
charges  in  N2  with  N20  as  an  attacher.  These  calculations 
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Fig.  4.  Calculated  steady-state  EIN  -  j  characteristic*  for  an  e-beam  sus¬ 
tained  discharge  in  Nj  with  an  NjO  fraction  of  I  percent.  The  variable 
parameter  is  the  electron  generation  rate  (10], 


concentrate  bn  the  influence  of  an  attacher  with  an  attach¬ 
ment  rate  increasing  with  E/N.  It  was  demonstrated  that 
such  an  attacher  with  sufficient  concentration  generates  a 
discharge  characteristic  with  a  negative  differential  con¬ 
ductivity  (NDC)  in  an  intermediate  E/N  range.  This  be¬ 
havior  has  also  been  predicted  for  discharges  in  N2  with 
admixtures  of  C02  or  02  as  attachers  [29].  Fig.  4  shows 
the  steady -state  E/N-j  characteristic  with  the  source  func¬ 
tion  5  as  the  variable  parameter  for  an  N2/N20  discharge 
[10].  Below  -3  Td,  the  discharge  is  recombination  dom¬ 
inated.  Above  -3  Td,  the  attachment  rate  increases, 
causing  the  conductivity  to  decrease  (NDC).  At  high  val¬ 
ues  of  the  source  functions,  the  electron  density  will  be 
high  enough  so  that  recombination  is  significant  also  in 
the  E/N  range  with  a  high  attachment  rate,  and  the  nega¬ 
tive  differential  conductivity  disappears. 

The  transient  analysis  shows  that  such  a  discharge  char¬ 
acteristic  allows  the  operation  of  the  discharge  with  low 
losses  during  the  conduction  phase  in  the  E/N  range  below 
the  threshold  for  attachment  and  to  achieve  fast  opening 
times.  Fig.  3  shows  the  calculated  time  dependence  of  E/ 
N  and  the  current  density  j  with  the  attacher  concentration 
as  the  variable  parameter.  For  the  three  smaller  values  of 
the  attacher  concentration  (0.1-0.75  percent),  the  dis¬ 
charge  reaches  the  same  low  value  of  E/N  where  it  is  re¬ 
combination  dominated.  The  opening  time  decreases  with 
attacher  concentration;  however,  the  closing  time  in¬ 
creases.  For  the  higher  values  of  the  attacher  concentra¬ 
tion  ( 2s  1  percent)  the  discharge  is  obstructed  to  reach  the 
low  E/N  range  and  stays  attachment  dominated,  causing 
high  losses.  These  results  demonstrate  that  the  desired  at¬ 
tachment  rate  for  low  losses  during  conduction  and  for 
fast  opening  obstructs  switch  closing.  Photodetachment  is 
therefore  discussed  as  an  additional  control  mechanism  to 
overcome  attachment  during  switch  closure  (see  Section 
IV). 
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Fig.  S.  Time  dependence  of  EIN  (top)  and  current  density  (bottom)  of  an 
e-beam  sustained  discharge  in  I  atm  N2  with  admixtures  of  N20.  The  c- 
beam  is  on  for  0  S  i  s  100  ns.  The  variable  parameter  is  the  N20 
fraction  in  percent  1 10}. 

III.  Boundary  Effects  and  Instabilities 

The  voltage  drop  across  e-beam  sustained  diffuse  dis¬ 
charges  reaches  from  several  hundred  volts  to  several  ki¬ 
lovolts,  depending  on  operation  conditions.  An  apprecia¬ 
ble  amount  of  the  total  voltage  may  be  the  cathode  fall 
voltage  [30]-[34],  The  cathode  fall  voltage  is  a  function 
of  e-beam  current,  discharge  current,  gas  type  and  pres¬ 
sure,  and  electrode  material  [34].  For  atmospheric  pres¬ 
sure  discharges  and  small  gap  distances,  it  can  be  consid¬ 
erably  larger  than  the  voltage  across  the  bulk  of  the 
discharge.  The  addition  of  an  attaching  gas  does  not  seem 
to  increase  the  cathode  fall  voltage  very  much. 

A  theoretical  investigation  of  the  cathode  fall  in  high- 
pressure  e-beam  controlled  discharges  included  secondary 
emission  from  the  cathode  and  electron-impact  ionization 
of  metastable  states  [33].  The  results  showed  that  the 
cathode  fall  of  an  e-beam  ionized  discharge  is  very  sen¬ 
sitive  to  the  value  of  the  cathode  secondary  emission  coef¬ 
ficient,  demonstrating  the  importance  of  the  electrode 
properties. 

Instabilities  which  lead  to  a  glow-to-arc  transition  usu¬ 
ally  originate  near  the  electrodes,  a  region  of  higher  elec¬ 
tric-field  intensity  and  lower  electron  density.  Streamer 
formation  is  considered  to  begin  with  the  formation  of  a 
filament  of  gas,  heated  to  a  temperature  adequate  to  pro¬ 
vide  sufficient  thermal  ionization  to  become  significantly 
conductive.  Streamers  can  grow  from  cathode  layer  hot 
spots,  and  have  been  observed  to  originate  on  cathode 
protrusions  (35),  [36].  The  streamers  subsequently  prop¬ 
agate  at  speeds  close  to  sonic,  generally  progressing  with 
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increasing  velocity  across  the  gap.  An  important  feature 
of  streamers  in  discharge  gases  is  therefore  that  arcing  can 
occur  a  considerable  time  after  the  e-beam  current  has 
been  turned  off  [37]. 

The  development  of  plasma  instabilities  in  the  bulk  of 
the  diffuse  discharge  was  addressed  by  Haas  [38],  [39], 
Nighan  [40],  and  Bychkov  etal.  [1 1].  Two  general  models 
of  bulk  instabilities  have  been  proposed:  thermal  and  ion¬ 
ization.  The  thermal  instability  is  due  to  local  heating  and 
dilution  of  the  gas  with  subsequent  increase  in  E/N,  which 
in  turn  causes  increased  local  energy  deposition,  etc.  The 
ionization  instabilities  occur  when  in  high  field  regions  of 
the  discharge,  preferentially  close  to  the  electrodes,  the 
regenerative  ionization  becomes  comparable  to  the  ioni¬ 
zation  caused  by  the  external  source.  The  initiation  of  in¬ 
stabilities  has  also  been  attributed  to  nonuniform  ioniza¬ 
tion  through  the  external  source  [13].  The  times  for  the 
development  for  these  instabilities  range  from  hundreds 
of  nanoseconds  to  milliseconds,  depending  on  discharge 
parameters  and  filling  pressure  [41]. 

Discharges  in  mixtures  containing  electronegative  gases 
can  exhibit  an  attachment  instability,  if  the  attachment  rate 
coefficient  ka  is  a  rapidly  increasing  function  of  E/N  [42], 
[43].  A  small  local  increase  in  the  electric-field  intensity 
in  such  a  gas  mixture  causes  an  increase  in  attachment 
which  leads  to  a  decrease  of  the  electron  density  and 
therefore  to  a  further  increase  in  electric  field.  Ultimately, 
waves  of  high  electric  field  in  electron-depleted  regions 
move  across  the  discharge,  resulting  in  current  waves. 
Oscillatory  waveforms  are  also  observed  in  gases  where 
the  drift  velocity  decreases  with  decreasing  E/N  [44],  [45]. 
The  relevance  of  these  instabilities  is  that  the  high  local 
fields  caused  by  the  electron  loss  will  greatly  increase  lo¬ 
cal  heating,  and  streamers  are  initiated,  growing  toward 
both  electrodes. 

A  problem  related  to  instabilities  in  diffuse  discharges 
is  power  loading  [46].  The  electrical  energy  density  de¬ 
posited  in  the  gas  is  the  product  of  discharge  current  den¬ 
sity  and  electric  field  integrated  over  time.  This  energy  is 
deposited  in  the  form  of  kinetic  energy  of  the  gas  mole¬ 
cules  (gas  heating)  and  in  the  internal  degrees  of  freedom 
of  the  gas  molecules.  Experimental  investigations  have 
led  to  the  conclusion  that  a  uniform  discharge  can  be  sus¬ 
tained  until  the  gas  temperature  has  increased  to  approx¬ 
imately  500°  K  [37].  After  that  point  the  uniform  glow 
goes  over  to  an  arc. 

There  are  attempts  to  quantify  the  fraction  of  the  elec¬ 
trical  energy  input  which  results  in  gas  heating  as  a  func¬ 
tion  of  E/N  for  timescales  short  compared  to  vibrational 
relaxation  [47].  A  major  fraction  of  the  energy  input  to 
molecular  gases  is  consumed  by  vibrational  excitation. 
Shirley  and  Hal)  [48]  determined  vibrational  temperatures 
in  H2  as  a  function  of  energy  density  deposited  in  the  gas. 
They  found  vibrational  temperatures  of  1500°-1800°  K 
for  power  loadings  of  several  kJ/mole,  or  about  0. 1  J/cm3 
atm  at  30  Td.  The  changes  due  to  enhanced  population  in 
the  high-energy  states  of  the  gas  molecules  will  affect  the 
behavior  of  the  diffuse  discharge  switch,  especially  if 


attachers  are  used  where  the  attachment  cross  section 
changes  drastically  with  vibrational  excitation  as  in  HC1 
or  H2  [49],  [50]. 

IV.  Optical  Control  of  Diffuse  Discharges 

External  control  of  a  diffuse  gas  discharge  means  to 
make  use  of  some  mechanisms  to  influence  the  charge 
carrier  balance  in  the  discharge,  in  addition  to  those  pro¬ 
cesses  solely  caused  by  the  applied  electric  field.  A  con¬ 
trol  mechanism  can  increase  or  decrease  the  conductivity 
by  controlling  the  electron  generation  or  depletion  mech¬ 
anism. 

For  opening  switches,  mainly  externally  sustained  dis¬ 
charges  are  considered,  operated  in  the  E/N  range  where 
the  ionization  coefficient  is  negligible.  Besides  electron 
beams,  UV  radiation  has  been  used  to  sustain  TEA-laser 
discharges  [51]— [53]  and  discharges  for  switching  appli¬ 
cations  [54]-[56].  The  advantage  is  that  the  design  and 
operation  of  a  UV  dashboard  is  significantly  simpler  than 
an  e-beam  gun.  Problems  at  this  time  are  to  achieve  a  fast 
cutoff  of  the  ionization  source  and  short  discharge  open¬ 
ing  times  [54],  [57], 

An  alternative  is  to  use  lasers  that  allow  a  very  precise 
timing.  Due  to  the  high  costs  of  laser  photons,  however, 
it  seems  to  be  inefficient  at  this  time  to  use  lasers  to  sus¬ 
tain  the  discharge.  Lasers,  on  the  other  hand,  offer  the 
unique  possibility  of  influencing  the  density  of  specific 
states,  and  subsequently  the  generation  and  depletion 
mechanisms  of  electrons  [9],  [57].  Laser  discharge  con¬ 
trol  for  switching  application  is  therefore  considered  only 
as  an  additional  control  for  a  specific  switch  phase,  where 
other  means  do  not  allow  the  optimization  of  the  dis¬ 
charge  properties.  Laser  control  of  diffuse  discharges  for 
opening  switches  is  a  very  recent  research  field.  Besides 
papers  on  concepts  [8],  [9],  [58],  [59],  model  calculations 
on  certain  proposed  systems  [10],  [15],  and  investigations 
of  basic  processes  [60],  [61],  there  are  no  results  on  op¬ 
erational  switching  devices  available. 

One  concept  discussed  is  optical  quenching  of  metasta¬ 
bles  (excitation  into  higher  lying  states  with  short  radia¬ 
tive  lifetimes),  which  significantly  reduces  the  ionization 
rate  and  consequently  the  conductivity  of  self-sustained 
discharges  [59].  The  influence  of  metastables,  however, 
is  reduced  in  externally  sustained  discharges  and  dis¬ 
charges  with  molecular  additives. 

As  discussed  in  Section  II,  attachers  have  to  be  used  to 
achieve  fast  opening.  Concepts  on  additional  optical  con¬ 
trol  therefore  concentrate  on  attachment  and  its  control  in 
one  of  the  transition  phases.  Methods  for  optically  con¬ 
trolling  attachment  are:  a)  photodetachment  to  overcome 
attachment  [58];  and  b)  optically  induced  attachment  in 
gases  which  otherwise  do  not  have  a  strong  attachment 
rate  in  the  E/N  range  of  interest  [8]. 

A.  Photodetachment 

Just  like  photoionization,  photodetachment  is  a  nonres- 
onant  process  which  in  general  requires  much  lower  pho- 
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ton  energies.  The  cross  sections  usually  are  not  very  high, 
requiring  a  high  laser  power. 

A  negative  ion  considered  for  photodetachment  as  a 
control  mechanism  is  0~  [58].  The  photodetachment  cross 
section  has  a  threshold  at  a  photon  energy  of  1 .47  eV  and 
reaches  a  plateau  of  6.3  •  10" 11  cm2  at  approximately  2 
eV  [62]— [64] .  Several  molecules,  such  as  O2,  NO.  CO, 
N20,  COj,  and  S02,  undergo  dissociative  attachment  pro¬ 
ducing  O"  (example:  e~  +  02  -*  O"  +0). 

In  all  these  gases  or  gas  mixtures  with  these  gases, 
competitive  attachment  processes  exist  or  reactions  of  0" 
will  occur,  producing  molecular  negative  ions  which,  in 
general,  have  lower  cross  sections  for  photodetachment. 
In  discharges  in  02  at  low  E/N  ( <  10  Td)  and  at  high  pres¬ 
sure  [65],  [66],  for  example,  the  dominant  molecular  neg¬ 
ative  ion  is  Of  and  its  cross  section  for  photodetachment 
is  smaller  by  a  factor  of  approximately  5  at  2  eV. 

Photodetachment  experiments  in  low-pressure  02  dis¬ 
charges  and  flowing  afterglows  showed  that  a  fraction  of 
50  percent  of  the  negative  ions  could  be  detached  with 
laser  pulses  with  an  energy  flux  of  35  mJ/cm2  and  a  pho¬ 
ton  energy  of  2.2  eV  [58].  This  value  may  be  higher  by 
a  factor  of  up  to  5  in  high-pressure  systems  at  an  E/N 
below  50  Td.  Photodetachment  experiments  of  F"  in  a 
hollow  cathode  discharge  containing  NF3  demonstrated 
that  the  negative  ion  density  reached  up  to  50  times  the 
steady-state  electron  density  [67]. 

B.  Optically  Enhanced  Attachment 

Optically  enhanced  attachment  means  to  use  a  gas  mix¬ 
ture  with  an  additive  of  molecules,  which  in  their  initial 
state  are  very  weak  attachers,  and  to  transfer  these  mol¬ 
ecules  through  optical  excitation  and  maybe  some  subse¬ 
quent  process  into  a  species  which  acts  as  a  strong  at- 
tacher  [8]. 

Certain  attachers  have  a  drastically  increased  attach¬ 
ment  cross  section  in  their  rotationally  and/or  vibration- 
ally  excited  states.  This  effect  was  first  observed  for  dis¬ 
sociative  attachment  of  SF6  producing  SFs"  [68],  [69], 
An  attachment  rate  constant  ka(T),  increasing  with  tem¬ 
perature  T,  is  the  clearest  indication  for  such  a  behavior 

[70] ,  [71]. 

As  yet,  there  are  no  known  measurements  of  attachment 
cross  sections  for  individual  vibrational  states.  However, 
it  was  demonstrated  that  monoenergetic  electrons  at  least 
allow  the  excitation  of  specific  modes  of  vibration,  and 
subsequently  the  measurement  of  attachment  cross  sec¬ 
tions  of  a  special  group  of  vibrational  states  [72] .  Bards- 
ley  and  Wadehra  [49]  have  calculated  the  cross  section 
for  the  vibrational  states  (v  *  0-3)  of  HC1  (Fig.  6)  from 
cross-section  measurements  at  different  gas  temperatures 

[71] .  These  data  show  that  the  attachment  rate  can  be  in¬ 
creased  drastically,  but  this  advantage  disappears  in  HC1 
if  the  electron  energy  is  larger  than  0.5  eV.  For  switching 
application,  attachers  are  needed,  having  their  maximum 
attachment  cross  section  in  the  ground  state  at  a  somewhat 
higher  energy. 

For  application  in  diffuse  discharges,  one  must  consider 
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Fig.  6.  Theoretical  crow  section  fore  +  HCL  —  H  +  Cl',  depending  on 
electron  energy  for  the  vibrational  states  (v  -  0-3).  assuming  a  Boltz¬ 
mann  distribution  over  rotational  states  at  T  -  300  K  149) . 


TABLE  1 

Photoenhanced  Electron  Attachment 


(1)  VIBRATIONAL  EXCITATION 

(a)  Single-Photon  Excitation  plua  Energy  Transfer 

(b)  Overtone  and  Coabtnatlon  Band  Excitation 

(c)  Hultl-Photon  Excitation 


(2)  PHOTODISSOCIATION 

(a)  Single-Photon  -  UV 

(b)  Multi-Photon  -  IR 


(3)  ELECTRONIC  EXCITATION 

(a)  E  ->  V,R  Col l (e lone 

(b)  E  ->  V , R  Transitions,  Radiative 


that  vibrational  excitation  also  will  result  from  electron 
collisions.  In  cold  discharges  at  low  E/N,  molecules  in 
the  excited  state  with  the  lowest  excitation  energy  are  the 
only  excited  species  at  considerable  densities.  Thus  an 
external  control  mechanism  will  work  efficiently  only  if 
the  significant  increase  of  the  attachment  cross  section  in 
the  considered  electron  energy  range  occurs  for  states  with 
energies  well  above  that  of  the  lowest  lying  excited  state. 
Some  possible  mechanisms  to  produce  such  molecules  are 
listed  in  Table  1. 

a)  Optical  vibrational  excitation  of  higher  lying  states 
can  be  accomplished  through  vibration-vibration  energy 
transfer,  through  overtone  excitation  or  excitation  of  com¬ 
bination  states,  and  through  multiphoton  excitation.  Such 
mechanisms  can  be  found  as  excitation  mechanisms  of 
numerous  optically  pumped  IR  lasers.  Examples  are  la¬ 
sers,  optically  pumped  with  a  COj  laser,  in  molecules  such 
as  CF«,  NOC1,  CFjl,  and  NH3  [73).  To  date,  experiments 
have  failed  to  demonstrate  a  significant  increase  of  the 
attachment  rate  in  an  e-beam  sustained  discharge  after  ir¬ 
radiation  with  a  pulsed  C02  laser  [61].  In  low-current  dc 
charges  containing  CjHjF,  sustained  by  helium  plasma 
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Fig  7  Attachment  coefficient  for  influoroethylene.  The  tolid  dolt  give 
the  values  for  the  unexcited  sample  (200  mtorr  of  CjF,H  in  200  lorr 
helium)  The  open  circlet  represent  the  dais  for  the  excited  sample  (100 
mtorr  of  C,F,H  in  100  tore  helium)  The  attachmenl  coefficients  are  ex¬ 
pressed  in  terms  of  the  unexcited  irifluorelhylcne  pressure  [60] 

injection,  small  increases  of  the  resistivity  ( -  2  percent) 
have  been  found  during  irradiation  with  a  very  low  power 
«5  W  •  cm"2)  C02  laser  [74], 

b)  Single-photon  and  multiphoton  dissociation  of  large 
molecules  producing  molecules  in  vibrationally  excited 
states  have  been  used  as  excitation  mechanisms  for  mo¬ 
lecular  gas  lasers.  Photoelimination  of  HF  from  CH2CF2, 
CH2CHF,  and  other  halogenated  hydrocarbons  using  UV 
flashlamps,  generates  a  significant  fraction  of  the  HF  mol¬ 
ecules  in  states  v  >  1  [75],  [76).  Some  of  these  processes 
have  significant  cross  sections  at  193  nm  (ArF  lasers). 
Rossi  et  al.  [60]  performed  dnft  tube  experiments  to  dem¬ 
onstrate  the  feasibility  of  these  processes  for  controlling 
the  electron  balance.  In  mixtures  of  helium  with  C2HF} 
at  low  values  of  E/N,  they  obtained  an  increase  of  the 
attachment  rate  of  up  to  103  with  an  ArF  laser  at  193  nm 
(Fig.  7).  Similar  experiments  were  performed  in  C2H3C1. 
Schaefer  et  al.  [77]  performed  measurements  in  dc  dis¬ 
charges  at  low  values  of  E/N  (1-10  Td),  which  were  ex¬ 
ternally  sustained  by  helium  plasma  injection.  In  a  gas 
mixture  of  60-torr  helium  and  3-percent  C2H3C1,  pulsed 
resistance  changes  of  a  factor  of  0.35  were  measured  after 
inadiating  the  discharge  with  a  UV  spark  source  through 
a  quartz  window. 

c)  Electronic  excitation  can  be  transferred  into  vibra¬ 
tional  excitation  either  through  collisions  or  radiative  pro¬ 
cesses  (for  a  review  see  [78]).  Optical  excitation  of  bro¬ 
mine  and  subsequent  collisional  energy  transfer  to  C02 
have,  for  example,  been  used  to  operate  a  C02  laser  (Br2 
+  he  —  Br  +  I  •  and  Br*  +  C02  -*  Br  +  C02  +  A£) 
(79J. 

Electronic  excitation  of  I2  and  subsequent  radiative 
transitions  into  highly  vibrationally  excited  states  (Fig.  8) 


INTERNUCLEAR  DISTANCE 

Fig  S  Some  potential  curve*  for  I,  and  I,'  and  the  tcheme  of  excitation 
of  vibrational  levels  ISO] 


have  been  used  by  Beterov  and  Fatayev  [80]  to  show  that 
vibrational  excitation  of  I2  can  increase  the  attachment  rate 
for  dissociative  attachment  by  three  to  four  orders  of  mag¬ 
nitude.  The  radiation  from  a  frequency  doubled  Nd:YAG 
laser  (X  *  532  nm)  was  used  to  excite  the  B  state.  Intense 
Stokes  fluorescence  indicated  a  subsequent  transition  into 
highly  vibrationally  excited  states.  Vibrational  relaxation 
to  provide  the  population  of  the  optimum  vibrational  states 
required  times  on  the  order  of  some  10  (is.  It  was  sug¬ 
gested  to  use  a  stimulated  resonant  Raman  process  to  ex¬ 
cite  the  optimum  vibrational  states  directly. 

It  has  also  been  suggested  to  use  attachers,  which  have 
an  increased  attachment  cross  section  in  an  electronically 
excited  metastable  state  [81].  The  maximum  attachment 
cross  section  of  the  metastable  state  of  02  (a  'Af),  for 
example,  is  approximately  3.5  times  higher  than  for  the 
ground  state  [82] .  Such  states  have  the  advantage  that  their 
energy  is  high  and,  consequently,  the  collisional  excita¬ 
tion  rate  is  low.  Metastable  states  with  higher  attachment 
rates  can  be  produced  by  optical  excitation  and  subse¬ 
quent  internal  energy  conversion.  For  some  aromatic  mol¬ 
ecules,  conversion  quantum  yields  close  to  100  percent 
were  observed  [83]. 

For  all  proposed  processes  of  optically  enhanced  at¬ 
tachment,  it  is  very  important  to  consider  the  attachment 
properties  of  the  starting  molecules.  A  real  advantage  of 
optically  enhanced  attachment  can  be  achieved  only  if  the 
attachment  rate  is  significantly  increased  over  a  wide  £/ 
N  range,  and  if  the  starting  molecules  are  stable  with  re¬ 
spect  to  collisional  processes  in  the  e-beam  sustained  dis¬ 
charge.  One  also  must  consider  other  energy  exchange 
processes  that  may  compete  with  the  desired  attachment 
process.  Processes  producing  new  species  in  the  dis¬ 
charge  may  also  require  changing  the  switch  gas  between 
shots. 

V.  E-Beam  Control  of  Diffuse  Discharges 
A.  E-Beam  Considerations 

E-beams  are  the  most  commonly  used  ionization  sources 
for  externally  sustained  diffuse  discharges.  Typically, 
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TABLE  U 

Proper tibs  of  Foil  Material  Candidates  [t4] 


ROIL  MATERIAL 

ADVANTAGE 

DISADVANTAGE 

Beryllium 

Vary  Low  7. 

High  Conductivity 

Highly  Toxic 

Available  only  In  Small 

Plecea,  Expenaive  (  —  SSO/ln^) 

Kapton 

Low  Z 

Very  Low  Conductivity 
Dlalntegratea  froa  Electron 
Radlat Ion 

Aluminum 

Relatively  Low  Z 

High  Conductivity 

Low  Strcigth  at  T  >  200*  C 

Titanium 
(Pure  and  Alloy) 

High  Strength 

Low  Conductivity 

Relatively  High  Z 

Stalnlees  Stael 

High  Strength 

Low  Conductivity 

High  Z 

Inconel  718 

Very  High  Strength 

Low  Conductivity 

High  Z 

Compoelce 

E  G  Cu  oi  Al  Clad  Ti 

Conblnee  High  Strength 
with  High  Conductivity 

Difficulty  to  Fabricate  In 
Uniform  Layera  with  Cood 
Bonding 

beam  energies  are  in  the  100-300  keV  range  with  current 
densities  up  to  several  amperes  per  square  centimeter.  In 
order  to  generate  the  e-beam,  it  is  necessary  to  have  the 
electrodes  in  a  vacuum  of  >1CTJ  torr  for  cold  cathode 
operation  and  >  10~6  torr  for  thermionic  cathodes. 

The  electron-generation  mechanism  at  cold  cathodes  is 
usually  field  emission.  With  field-emitting  cathodes,  cur¬ 
rent  densities  of  several  hundred  amperes  per  square  cen¬ 
timeter  can  be  obtained  [84]  at  the  expense,  however,  of 
limited  pulse  duration  due  to  ‘'diode  closure”  [85].  Diode 
closure  is  caused  by  plasma  formation  at  the  cathode.  The 
plasma  moves  with  velocities  of  2-5  106  cm/s  toward  the 
anode  and  “closes”  the  diode  gap  in  typically  2-5  ns. 

Another  cold  cathode  used  for  electron  generation  in  e- 
beam  controlled  diffuse  discharges  is  the  wire-ion-plasma 
(WIP)  electron  gun  [86]-[88].  The  WIP  gun  cavity  is 
filled  with  helium,  typically  at  10-20  mtorr.  A  positive 
pulse  applied  to  the  wire  anode  ionizes  the  helium  in  the 
plasma  chamber.  Helium  ions  are  extracted  and  acceler¬ 
ated  by  the  dc  high  voltage  applied  to  the  e-beam  cathode. 
On  helium  impact,  electrons  are  emitted  from  the  cathode 
and  accelerated  by  a  high  voltage.  The  e-beam  current 
obtained  in  this  device  is  typically  10  A  over  a  cross  sec¬ 
tion  of  100  cm3. 

Thermionic  emitters  offer  the  advantage  of  decoupling 
electron  generation  and  electron  acceleration  with  unlim¬ 
ited  pulse  length.  The  generation  of  pulse  trains  is  possi¬ 
ble  by  using  a  triode  or  tetrode  configuration.  In  a  tetrode 
with  thoriated  tungsten  electrodes,  current  densities  of  up 
to  4  A/cm3  were  obtained  [89].  With  dispenser-type  ther¬ 
mionic  cathodes,  values  of  300  A/cm3  were  reached  [90], 

[91]. 

The  interface  between  electron  gun  and  switch  chamber 
is  generally  a  thin  (20-50  pm)  foil  backed  by  a  support 
structure.  The  foil  material  should  have  low  electron¬ 


stopping  power,  and  good  thermal  and  mechanical  prop¬ 
erties.  In  Table  II,  properties  of  different  foil  materials 
are  listed  [84],  A  severe  constraint  for  long  e-beam  pulses 
and/or  repetitive  operation  is  foil  heating.  In  order  to 
avoid  structural  fractures,  the  foil  temperature  must  be 
limited.  A  foil  heating  analysis  has  been  performed  by 
Daugherty  [92]. 

B.  Design  of  an  E-Beam  Controlled  Diffuse  Discharge 
Switch 

Because  of  the  limited  conduction  time  of  an  e-beam 
sustained  discharge  due  to  the  development  of  instabilities 
and  the  time  constraints  of  the  e-beam  source,  it  is  pro¬ 
posed  to  use  it  as  the  main  switch  in  a  two-loop  inductive 
energy  storage  circuit  [10].  Fig.  9  shows  the  schematic 
circuit  with  the  charging  loop  and  the  discharge  loop  hav¬ 
ing  only  the  inductor  in  common.  The  inductor  is  charged 
through  the  initially  closed  switch  A.  The  e-beam  is  turned 
on  when  the  current  through  the  inductor  has  reached  its 
maximum  steady-state  value.  Switch  A  now  can  open  the 
charging  circuit  at  relatively  low  switch  voltage  and  com¬ 
mutate  the  current  into  the  e-beam  controlled  discharge. 
If  switch  gases  with  low  losses  at  low  EIN  are  used,  the 
efficiency  of  this  commutation  can  be  very  high  Once  the 
current  is  transferred  into  the  diffuse  discharge  switch,  the 
circuit  can  generate  either  a  single  pulse  by  closing  switch 
B  and  simultaneously  opening  the  diffuse  discharge,  or  a 
pulse  train  by  repetitively  closing  and  opening  the  diffuse 
discharge  with  switch  B  closed.  In  order  to  prevent  loss 
currents  in  the  load  when  the  diffuse  discharge  is  con¬ 
ducting  (if  the  load  impedance  is  comparable  to  the  dif¬ 
fuse  discharge  impedance),  switch  B  could  be  replaced  by 
a  second  e-beam  controlled  switch  which  opens  and 
closes  a  countermode  to  the  first  switch. 
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•tOW  CLOSING 

OPtNtNG  SWITCH  (A)  SWITCH  <*) 


POWCM  DIFFUSE  INDUCTOR  LOAD 

SUPPLY  DISCHARGE 


SWITCH 

Fig  9.  Schematic  circuit  for  an  e-beam  sustained  discharge  switch  in  an 
inductive  energy  storage  system  {10]. 


The  following  design  criteria  for  the  e-beam  sustained 
switch  in  such  a  circuit  are  based  on  a  group  report  in  the 
Proceedings  of  the  ARO  Workshop  on  Diffuse  Discharge 
Opening  Switches  [93].  For  an  efficient  switch,  the  major 
electron  loss  in  the  conduction  state  will  occur  through 
recombination.  Attachment  is  important  only  in  onset  and 
cutofT,  steepening  the  current  pulse.  In  steady  state  the 
electron  density  is  well  described  by  (4)  with  ka  being 
neglected.  The  conductivity  therefore  is  given  by  (8): 


a 


with 


vd  , 

=  —  and 


Jb_  (dW\ 

eW,  \dx  ) 


(11) 

where  vd  is  the  electron  drift  velocity,  E,  is  the  electric- 
field  intensity  in  the  diffuse  discharge,  JB  is  the  e-beam 
current  density,  dWIdx  is  the  spatial  rate  of  e-beam  energy 
loss  in  the  gas  [94],  [95],  and  eW,  is  the  beam  ionization 
energy  of  the  gas  [96]. 

In  order  to  avoid  glow-to-arc  transition,  the  tempera¬ 
ture  in  a  molecular  gas  should  not  exceed  T0  -  500  K. 
Assuming  that  any  increase  in  gas  temperature  AT  is 
caused  by  Joule  heating,  leads  to  the  relation 

J*T 

pcvA  T  =  —  (12) 

a 


p  being  the  gas  density,  ct  the  specific  heat,  and  r  the 
conduction  time.  This  relation  allows  estimation  of  an  up¬ 
per  limit  for  the  current  density: 


An..  =  JiTo  -  T,)^  (13) 

where  T,  is  the  initial  temperature. 

For  a  given  total  current  /,  this  determines  the  switch 
diameter.  The  discharge  gap  length  d  is  determined  by  the 
required  switch  holdoff  voltage  K0. 


Critical  field  strengths  £cn,  are  in  the  order  of  6-12  k V/ 
cm  at  a  pressure  of  1  atm. 

Calculations  along  this  line  were  performed  for  a  switch 
which  carries  10  kA  for  a  time  of  50  *is  to  charge  a  ca¬ 


pacitor  of  400  nF  to  a  voltage  of  250  kV  [93],  A  switch  ! 

gas  pressure  of  10  atm  in  90-percent  CH«  and  10-percent  j 

Ar  was  assumed.  The  standoff  capability  of  this  mixture 
is  £„,  =  5  kV/cm  at  1  atm.  For  a  holdoff  voltage  of  250  ‘ 

kV,  the  gap  length  d  must  be  at  least  5  cm  at  a  pressure  < 

of  10  atm.  With  an  assumed  e-beam  current  density  of  J$  I 

=  140  mA/cm2  and  an  e-beam  energy  of  200  keV  after 
passing  the  foil  which  separates  e-beam  gun  and  diffuse 
discharge  switch,  the  discharge  conductivity  is  a  =  2. 1  • 

10-2  (Q  cm)-1  (11).  The  maximum  current  density  is  ac¬ 
cording  to  (13)  *  19  A/cm2.  For  a  total  current  of 

10  kA,  the  switch  area  must  be  531  cm2. 

Using  these  data,  the  transfer  efficiency  of  the  switch 
can  be  calculated.  The  energy  transferred  into  the  capac¬ 
itor  is  £Cip  =  12.5  kJ.  The  Joule  losses  in  the  diffuse  dis¬ 
charge  are  £d„  =  2.25  kJ.  The  e-beam  energy  dissipated 
in  the  switch  is  0.75  kJ.  Allowing,  conservatively,  struc¬ 
ture  and  foil  e-beam  losses  to  be  30  percent,  the  total  re¬ 
quired  e-beam  energy  is  Etb  -  1.06  kJ.  The  efficiency  is 
then  given  as 


'  E^  +  E^  +  Et a 

which  is  about  80  percent  for  this  diffuse  discharge  switch. 
This  calculation  allows  a  rough  estimate  of  the  geometry 
and  the  transfer  efficiency  of  a  diffuse  discharge  switch  as 
part  of  a  pulsed  power  circuit. 

A  more  detailed  design  procedure  which  includes  the 
energy  consumption  during  opening  of  a  repetitively  op¬ 
erated  switch  was  developed  by  Commisso  et  al.  [13). 
The  energy  transfer  efficiency  ij  is  defined  as 

= _ i°L<n _ 

’  <  /,.  >rrf  +  <  i,w  y„  >0r0  +  i°Ly°LTL  +  u  ytbr( 

(16) 

/,„,  lL,  and  ltb  are  the  switch,  load,  and  e-beam  currents; 
V,w,  VL,  and  Vtb  are  the  corresponding  voltages  (the  su¬ 
perscript  0  denotes  peak  values).  Tr,  r0,  and  tl  are  the 
conduction  time,  the  opening  time,  and  the  characteristic 
load  pulsewidth,  respectively.  The  terms  in  the  denomi¬ 
nator  describe  Joule  losses  in  the  switch  during  conduc¬ 
tion  and  during  opening,  the  energy  transferred  to  the 
load,  and  the  e-beam  energy,  necessary  to  sustain  the  dis¬ 
charge  for  the  time  of  conduction. 

For  energy  transfer  efficiency  comparable  to  capacitive 
store  pulsed  power  generators,  it  is  required  that  each  of 
the  losses  in  the  switch  is  small  compared  to  the  energy 
transferred  to  the  load.  These  conditions  can  be  inter¬ 
preted  as  restrictions  for  the  switch  opening  time  r0.  for 
the  voltage  drop  across  the  discharge  during  conduction 
V,w,  and  for  the  current  gain  t  = 

In  [13]  the  system  was  optimized  by  requiring  that  the 
switch  pressure  be  minimum.  The  result  of  this  optimi¬ 
zation  is  that  each  of  the  major  energy  losses— conduc¬ 
tion,  opening,  and  e-beam  production— are  roughly  equal 
to  each  other. 
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TABLE  111 

Summary  of  Data  on  Relevant  Experiments  on  E-Beam  Controlled 
Switches 


INSTITUTE, 

UrCUMCES 

■  - 

E-SEAM 

ITSTCM 

E-SEAH 
CURRENT 
BENS ITT 
J.lA/ea2) 

E-REAM 

CM  ESC  Y 
EgCkeV j 

CASES 

SWITCH 

CURRENT 

DENSITY 

JjlA/cu2] 

CURRENT 

CAIN 

0PENINC 

TIME 

High  Currant  Electr. 

Dept.,  Toack,  USSR 
(Koval *chuk  and 

Heeyate  (4,5|) 

Cold  Cathode 

1.3 

330 

Natural  Caa : 
CH4:C2Hg:C1He: 
(>2  :C02 :  other 
hydrocarbons 

15 

-  10 

200  na 

(Efrewov  and 

Koval* chuk  199]) 

Thanalnionlc 
Cathode , 
Tatroda 

0.014 

133 

C02 :N2 :He  j 

30 

1000 

3  mi  *  5  ua 

Ham  11  Lab# 
tan  Dingo.  CA 
(Huntar  (2.3)) 

Cold  Cathode 

1 

2-3 

250 

1 

1 

27 

3 

400  na 

APVL,  Wright  Pattaraon 
(Slatting er  (12.34)) 

Hot  Matrix 
Cathode 

0.02 

175 

Nj ,At ,CH4  with 

c2r6*clF8-NF)' 

cr*,ccu 

2 

100-1000 

10  ua  -  1  ua 

West  log house  *40  Ctr. 
Plteaburgh,  pa 
(Lowry  at  al.  (41]) 

WXP-gun 

|  <0.1 

150 

ou 

1 

360  j 

>  1  ua 

(with  Inductor 
in  ewitch  loop) 

Hughaa  taaaarch 

Laboratories 

Malibu,  CA 

(Callaghar  &  Harvay  ( A8 ) ) 

WlP-gun 

<  0.033 

150 

ch4 

20 

: 

! 

<  1000 

>  1  ua 

(with  Inductor 
in  switch  loop) 

Naval  taaaarch  Lab, 
Waahlngton,  DC 
(Couaioao  at  al.  (103, 

104) ) 

Cold  Cathode, 
200  na  and 

1  ua  pulse 
durat Iona 

0.2-3 

|  200 

! 

ch4,n2 

N2:..j 

Ar  :02 

CH4:C2Ffc 

<  50 

10-20 

50  na  -  100  n» 

Texes  Tach  University 
Lubbock,  TX 

(Schoanbach  at  al.  (109), 
Schaafar  at  al.  1 1 10) )  | 

Thenaf  onlc 
Cathode , 

Tetrode , 

pul ac  train  | 

0. l-l.O 

250 

N2:N2<.  I 

n2.-so2  | 

N2:C'>2  I 

Ar : C2F4  I 

<  15 

-  15 

50  na 

The  transfer  efficiency  calculated  by  using  this  formal¬ 
ism  [13],  which  includes  switch  losses  during  opening,  is 
smaller  than  the  one  obtained  with  the  simple  model  dis¬ 
cussed  before  (15).  The  design  equations  for  the  switch 
geometry  in  the  two  models  become  identical  for  the  case 
that  switch  losses  during  opening  can  be  neglected  and  all 
safety  factors  are  of  the  order  of  unity. 

C.  Experimental  Results 

A  summary  of  relevant  experiments  on  e-beam  con¬ 
trolled  switches  is  given  in  Table  III.  Listed  are  e-beam 
and  switch  parameters.  The  values  for  current  gain  and 
opening  time  are  mostly  approximate  values  which  serve 
to  define  the  range  of  operation  for  the  respective  exper¬ 
iment. 

Early  experiments  on  diffuse  discharge  switches  were 
performed  by  Hunter  [3]  and  Koval’chuk  and  Mesyats  [5]. 
They  used  cold  cathode  e-beam  emitters  derived  from 
laser  experiments.  With  large  e-beam  current  density,  they 
achieved  fast  rise  times  and  could  afford  to  work  with 
added  attachers  to  get  fast  opening,  at  the  expense  of 
power  gain.  They  did  not  use  specially  designed  gases, 
however.  Hunter  [3]  recognized  the  importance  of  having 
a  gas  with  high  electron  drift  velocity  and  therefore  chose 
methane.  Methane  has  an  electron  drift  velocity  peaking 
at  more  than  107  cm/s  at  about  3  Td. 

In  later  publications,  several  gas  mixtures  with  opti¬ 
mized  properties  have  been  proposed  for  diffuse  discharge 
opening  switches  [8],  [28],  (97J-J99).  Fig.  10  shows 


Fig  10  Toni  electron  ittichmenl  r»le  constants  as  a  function  of  the  mean 
electron  energy  <«>  for  several  perfluoroalkanes  and  perfluoroethers 
measured  in  buffer  gases  of  N}  and  Ar  (98) 

electron  attachment  rate  constants  for  several  attachers  in 
Ar  and  CH4  as  buffer  gas  [98).  These  gas  mixtuus  also 
exhibit  a  negative  differential  drift  velocity  region  over  a 
wide  range  of  fractional  concentrations  of  the  attaching 
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Fig.  1 1 .  Electron  drift  velocity  tv  versus  EIN  for  several  (a)  C;F,/Ar  and 
(b)  CjF*/CH,  gas  mixtures  [98]. 


gas  in  the  buffer  gas  as  shown  in  Fig.  1 1  for  C2F6  in  Ar 
and  CH4,  respectively  [98].  Consequently,  the  current 
density-reduced  field  strength  ( J-E/N )  characteristics  of 
e-beam  sustained  discharges  in  gas  combinations  of  this 
type  exhibit  a  pronounced  negative  differential  conductiv¬ 
ity  range  [77],  [100], 

Another  gas  combination  which  was  proposed  as  switch 
gas  for  e-beam  sustained  diffuse  discharge  opening 
switches  is  N20  in  N2  as  buffer  gas  [8],  The  gas  mixture 
exhibits  an  E/N-dependent  electron  decay  rate  which  in¬ 
creases  by  more  than  a  factor  of  20  in  the  EIN  range  from 
3-15  Td  [101J. 

Work  done  at  Wright-Patterson  [31]— [34],  Hughes 
Laboratories  [88],  and  Westinghouse  Laboratories  [45] 
has  concentrated  on  high-gain  systems  with  opening  times 
in  the  microsecond  range.  At  Wright-Patterson  [3 1]— [34], 
special  consideration  was  given  to  the  cathode  region  and 
its  influence  on  the  discharge  characteristic.  Work  at  the 
Naval  Research  Lab  [  102]— [106]  and  at  Texas  Tech  Uni¬ 
versity  [100],  [107]— [1 10]  deals  with  repetitive  or  burst¬ 
mode  opening  switch  operation.  Both  groups  concentrate 
on  switches  with  opening  times  in  the  submicrosecond 
range,  but  try  to  achieve  reasonable  current  gains  ( >  100) 
by  using  suitable  gas  mixtures.  At  Texas  Tech  University, 
the  interaction  of  discharge  and  circuit  has  been  investi¬ 
gated  for  discharges  with  a  strong  negative  differential 
conductivity  such  as  in  mixtures  of  Ar  and  C2F6.  Fig.  12 
shows  such  a  characteristic  and  demonstrates  that  the 
maximum  current  cannot  be  utilized  in  the  burst  mode  in 
a  high-impedance  system  if  the  pulse  separation  is  shorter 
than  the  discharge  time  of  the  inductor  [110], 

Opening  switch  experiments  in  discharge  circuits  in¬ 
cluding  inductors  have  demonstrated  the  use  of  e-beam 


•  S  IS  IS 

REDUCED  FIELD  STRENGTH  (E/N)/Td 

Fig.  12.  Load  lines  and  current  density  j  versus  reduced  electric  field 
strength  EIN  obtained  with  different  load  lines  [110] 

controlled  diffuse  discharges  for  the  generation  of  high- 
voltage  pulses.  For  an  experiment  performed  at  Wright- 
Patterson  [111],  [112],  a  capacitor  discharge  current  of 
up  to  135  A  was  commutated  into  an  inductive  load  after 
opening  of  the  e-beam  controlled  switch.  A  short  micro¬ 
second  voltage  pulse  was  generated,  with  its  peak  voltage 
exceeding  the  static  breakdown  voltage  of  the  e-beam 
controlled  discharge  by  more  than  50  percent  with  a  CH«/ 
C2F6  gas  mixture.  An  experiment  performed  at  NRL  [104] 
used  an  e-beam  controlled  diffuse  discharge  as  the  switch 
element  in  an  inductive  energy  storage  circuit.  The  stor¬ 
age  inductor  (1.5  jsH)  was  energized  by  a  capacitor 
charged  to  26  kV.  Upon  termination  of  the  ionizing  e- 
beam,  the  10-kA  discharge  was  interrupted,  thereby  gen- 
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Fig  13.  System  current,  e-beam  current,  and  twitch  voltage  foran  e-beam 
controlled  switch  using  5  «tm  of  CH*  with  I  percent  C2F4  (104). 

crating  a  280-kV  60-ns  voltage  pulse  across  an  open  cir¬ 
cuit  (Fig.  13).  The  gas  mixture  in  the  e-beam  controlled 
switch  was  CH4/C2F6  at  5  atm.  The  current  gain  was  about 
10. 

The  experimental  results  demonstrate  that  diffuse  dis¬ 
charge  switches  are  suitable  for  the  generation  of  high- 
power  pulses.  In  order  to  improve  the  efficiency  of  these 
switches  (low  losses  during  conduction  at  high  current 
gain)  and  to  minimize  the  opening  time,  it  is  important  to 
utilize  electron-molecule  interactions  in  gas  mixtures. 
Using  ‘‘gas  engineering”  as  a  means  to  design  switch 
gases  should  lead  to  improved  switch  performance,  with 
current  gains  on  the  order  of  100  at  opening  times  of  less 
than  100  ns. 
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Abstract:  Electron-beam  sustained  diffuse  discharges 
have  attracted  considerable  interest  as  submicrosecond 
opening  switches  for  inductive  energy  storage  systems. 
Opening  Is  accomplished  through  turning  off  the 
Ionizing  e-beam.  In  order  to  Increase  the  switch 
efficiency  (switch  current/e-beam  current)  at  high 
hold-off  voltages  and  to  reduce  the  opening  time 
attachers  are  used  with  a  high  attachment  rate  at  high 
values  of  E/N  and  a  low  attachment  rate  at  low  values 
of  E/N.  These  attachers  will  decrease  the  net  source 
term  and  will  obstruct  the  closing  phase.  Additional 
control  through  photodetachment  and  optically  enhanced 
attachment  will  also  allow  to  optimize  the  closing 
phase.  The  results  of  model  calculations  and 
experimental  studies  on  various  control  mechanisms  are 
discussed. 

Introduction 

In  recent  years  there  has  been  an  Increasing 
Interest  In  the  development  of  fast,  repetitive, 
opening  switches  which  would  allow  the  use  of 
Inductive  energy  storage  in  repetitively  operated 
pulsed  power  systems.  Opening  switch  concepts  that 
show  promise  for  fast  repetitive  operation  are  based 
on  the  external  control  of  the  electron  generation  ano 
depletion  mechanisms  In  a  diffuse  discharge.  Such 
control  mechanisms  can  be  the  sustainment  by  electron 
beams  and  radiation  sources,  optical  control  of  the 
electron  depletion  mechanisms,  or  external  magnetic 
field  to  control  the  Internal  Ionization  processes. 
This  paper  gives  an  overview  of  the  mentioned  control 
mechanisms  and  discusses  the  requirements  for  the 
optimization  of  such  systems. 

Externally  Sustained  Discharges 

An  externally  sustained  discharge  switch  makes 
use  of  the  electrons  produced  by  an  external  source 
(electron-beam,  UV  radiation,  or  x-rays).  The  voltage 
across  the  gas  discharge  Is  always  kept  well  below  the 
value  required  for  Internal  Ionization.  Figure  1 
shows  the  general  time  dependence  of  some  of  the 
Important  discharge  quantities  through  one  full  switch 
cycle,  assuming  that  the  time  dependent  source 
function  has  a  trapezoidal  shape  with  a  steep  rise  and 
fall  (Fig.  la).  The  electron  density  (Fig.  lb),  and 
consequently  the  current  density  will  Initially  be 
zero  and  the  switch  Is  open.  A  constant  source 
function  S  will  then  Increase  the  electron  density  In 
the  closing  phase  until  It  approaches  a  new  steady 
state  condition  given  by  the  balance  of  the  electron 
generation  and  depletion  mechanisms.  In  this  state 
the  current  density  reaches  Its  maximum  and  the  switch 
Is  closed.  When  the  source  Is  turned  off  the  electron 
depletion  mechanism  will  cause  a  decrease  of  the 
electron  density  and  consequently  of  the  current 
density  In  the  opening  phase  until  the  Initial  state 
with  approximately  zero  electron  density  Is  reached 
again.  Since  this  device  Is  operated  In  an  Inductive 
energy  storage  system  the  voltage  and  the  reduced 
field  strength  E/N  will  drop  to  a  lower  value  when  the 
switch  Is  conducting  and  will  Increase  when  the 
conduction  Is  reduced  (s.  Figure  lc). 


Steady  State  Conditions 


In  the  closed  phase  the  switch  is  supposed  to 
have  a  resistivity  as  low  as  possible  at  a  low 
voltage  drop  across  the  switch  and  consequently  at  a 
low  value  of  E/N.  This  requires  a  high  electron 
mobility  and  an  electron  depletion  rate  as  low  as 
possible  at  low  values  of  E/N.  Recombination  can 
not  be  controlled  significantly  except  by  keeping 
the  electron  density  low,  but  any  further  losses 
such  as  attachment  have  to  be  avoided.  In  the 
opening  phase  the  switch  has  to  withstand  a  high 
voltage.  This  means  that  strong  electron  losses 
must  occur  at  very  low  electron  densities  at  high 
values  of  E/N.  This  can  be  accomplished  by  an 
attacher  with  a  high  attachment  rate  at  high  values 
of  E/N.  The  mobility  of  the  electrons  In  the  high 
E/N  range  is  of  minor  importance  since  the  electron 
density  approaches  zero.  A  decreasing  mobility  with 
increasing  E/N,  however,  will  Improve  the  transition 
into  the  high  E/N  range.  The  two  steady  state 
phases  therefore  require  an  E/N  dependence  of  the 
mobility  and  attachment  rate  as  shown  In  Figure  2a 
[1.2]. 
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Fig.  1.  Schematic  time  dependence  of  tne  electron 
source  (a),  electron  density  (b),  and  reduced  electric 
field  strength  (c)  In  an  externally  sustained  diffuse 
discharge  for  switching  applications. 
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Although  one  never  Intends  to  operate  the  switch 
as  an  externally  sustained  discharge  at  high  values  of 
E/N  one  can  calculate  and  Measure  the  steady  state 
resistivity  and  (J-E/N)  characteristic  for  the  full 
E/N  range  as  shown  in  Figure  2b  wd  c.  The  part  of 
the  discharge  characteristic  at  high  values  of  E/N  has 
iaportant  consequences  on  the  opening  and  closing 
phases  as  discussed  later. 

The  required  attachment  characteristics  can  cause 
undesired  losses  if  an  electron  beam  is  used  as  a 
discharge  sustainment  source.  An  attachment  rate  as 
shown  in  Figure  2a  is  given  if  the  attachment  cross 
section  has  its  maximum  above,  but  close  to  the  energy 
range  of  the  electron  energy  distribution  function  at 
the  low  value  of  the  reduced  field  strength  In  the 
closed  phase  (E/N)c,  as  shown  in  Figure  3.  Since 
there  is  no  overlap  of  the  electron  energy 
distribution  function  with  the  attachment  cross 
section  no  attachment  will  occur.  When  E/N  1$ 
increased,  the  electron  energy  distribution  function 
is  shifted  towards  higher  energies  and  the  attachment 
rate  increases. 

The  initial  secondary  electrons  produced  by  the 
high  energy  electron  beam  have  an  energy  distribution 
over  a  wide  energy  range  as  shown  in  Figure  3  [3],  and 
only  a  small  fraction  1$  produced  in  the  energy  range 
of  the  steady  state  electron  energy  distribution.  A 
significant  fraction  (approximately  80*  for  the 
attacher  N20  in  a  N2  buffer  gas)  is  generated  above 
the  energy  range  of  the  attachment  cross  section. 

These  electrons  will  during  their  relaxation  move 
through  the  energy  range  where  attachment  can  occur. 
The  probability  for  attachment  of  these  electrons  will 
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Fig.  2.  Schematic  E/N  dependence  of  attachment  rate 
and  electron  mobility  (a),  resistivity  (b),  and 
current  density  (c)  in  an  externally  sustained  diffuse 
discharge  for  switching  applications. 
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Fig.  3.  Schematic  electron  energy  dependence  of  the 
steady  state  electron  energy  distributions  at  low  E/N, 
the  attachment  cross  section,  and  the  distribution 
function  of  the  initial  secondary  electrons  in  an 
electron  beam  sustained  discharge. 
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Fig.  4  Average  velocity  of  relaxing  electrons  in 
energy  space  of  relaxing  electrons  generated  at  100  eV 
in  N2  at  E/N  »  1  Td. 
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Fig.  5.  Measured  Current-Voltage  characteristic  of  an 
electron  beam  sustained  discharge  in  a  mixture  of  ZX 
C2F$  in  1  atm  Argon. 
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then  depend  on  their  velocity  In  energy  space  In  the 
energy  range  where  attachment  Is  dominant.  Figure  4 
shows  the  calculated  average  velocity  of  the  electrons 
In  energy  space,  dE/dt,  during  relaxation  In  N2  for 
Initial  energies  of  100  eV  [4j.  This  velocity  Is  very 
high  (>  103  eV/ns)  In  energy  ranges  with  strong 
Inelastic  cross  section  but  significantly  lower  (10 
eV/ns)  In  the  3-7  eV  range  where  M2  has  no  significant 
Inelastic  cross  sections.  Attachment  of  the  Initial 
secondary  electrons  In  a  M2  buffer  gas  will  therefore 
be  significant  if  the  attacher  has  its  maximum  cross 
section  in  the  3-7  eV  range  (example  SO2. 
approximately  10*  are  attached  with  2*  SO2  in  N2 )  and 
Mich  less  significant  If  the  maximum  cross  section  Is 
below  3  eV  but  above  the  steady  state  distribution 
(example  N2O)  [4].  Attachment  of  the  Initial 
secondary  electrons  has  therefore  to  be  considered 
using  a  correction  factor  in  the  source  function,  and 
these  losses  can  be  minimized  by  using  an  appropriate 
mixture  of  an  attacher  with  a  buffer  gas  as  discussed 
above. 

Opening  and  Closing  Phases 

The  opening  phase  starts  when  the  electron  source 
Is  turned  off.  Since  the  opening  phase  starts  at  the 
(E/N)c  value  of  the  closed  state,  the  electron 
depletion  rate  and  conseguently  the  rise  of  E/N  will 
Initially  be  slow  until  the  system  reaches  the  E/N 
regime  where  attachment  dominates  the  electron  losses. 
Since  the  performance  of  an  Inductive  energy  storage 
system  strongly  depends  on  the  rise  of  the  switch 
resistance  dR/dt  the  attachment  rate  should  have  a 
steep  rise  with  E/N  (dashed  line  In  Figure  2a).  Such 
a  gas  mixture  will  cause  a  negative  differential 
conductivity  (d(E/N)/dJ)  In  an  Intermediate  E/N  range 
as  shown  In  Figure  2c.  Such  a  characterl Stic, 
however,  can  cause  problems  for  the  closing  phase. 
Figure  5  shows  the  measured  V-I  characteristic  of  an 
electron  beam  sustained  discharge  In  a  mixture  of  1 
atm  Ar  and  2*  C2F6  [5].  The  optimum  operation 
condition  for  the  switch  In  the  closed  phase  Is  at  the 
maxlwm  current  In  the  low  resistance  regime  at  low 
values  of  E/N  as  Indicated  In  condition  (I).  The 
suitable  open  condition  (II)  Is  given  by  a  voltage  of 
approximately  20  kV  (at  1  atm  and  1  cm  discharge 
length),  well  below  the  hold-off  voltage.  In  a  good 
approximation  an  Inductive  energy  storage  system  can 
be  considered  as  having  a  transmission  line 
characteristic.  This  means  that  the  system  will  move 
on  a  straight  line.  When  the  source  Is  turned  on  the 
system  will  therefore  only  approach  condition  (III) 

In  Figure  5  with  a  lower  current  density  and  strong 
losses  (high  value  of  E/N)  [6].  To  avoid  this 
problem  different  approaches  can  be  taken.  One 
approach  Is  to  compromise  with  respect  to  the  closing 
and  opening  phase  using  a  gas  mixture  with  a  less 
steep  Increase  of  the  attachment  rate  with  E/N 
resulting  In  a  weak  negative  differential  conductivity 
(solid  lines  In  Figure  2).  A  second  possibility  is  to 
tailor  the  time  dependence  of  the  source  function  [6]. 
An  electron  beam  with  an  Increased  current  density  In 
the  beginning  of  the  e-beam  pulse  will  shift  the  0-E/N 
character Istlc  towards  higher  J-values  for  a  short 
time  to  allow  the  system  to  reach  the  low  E/N  value  c 
(I),  before  It  approaches  Its  steady  state  condition. 
Other  solutions  are  to  use  additional  external  control 
mechanisms  which  alter  the  attachment  properties  of 
the  gas  mixture  In  a  specific  switch  period. 

Optical  Control  Mechanisms 

Optical  control  of  diffuse  discharges  for 
switching  applications,  especially  for  opening 
switches.  Is  a  very  recent  research  field.  Besides 


papers  on  concepts  [7,8],  model  calculations  on 
certain  proposed  systems  [6],  and  numerous  papers  on 
basic  processes  suitable  for  switching  applications, 
there  are  no  results  on  operational  switching 
devices  available.  Especially  laser  are  attractive 
light  sources  allowing  the  generation  of  high  power 
densities,  precise  Illumination  of  the  discharge 
volume,  and  precise  timing.  Due  to  the  high  costs 
of  laser  photons,  however,  especially  If  high  photon 
energies  are  required,  it  seems  to  be  Inefficient  at 
this  time  to  use  lasers  for  sustainment.  Optical 
discharge  control  for  switching  application  Is 
therefore  considered  only  as  an  additional  control 
for  a  specific  phase  of  the  switch  cycle,  where 
other  means  do  not  allow  the  optimization  of  the 
discharge  properties. 

As  discussed  It  Is  possible  to  optimize  the 
operation  conditions  of  an  electron  beam  sustained 
diffuse  discharge  switch  with  respect  to  the  steady 
state  phases  and  the  opening  phase  through  tailoring 
the  E/N  dependence  of  the  attachment  rate 
coefficients,  but  this  optimization  causes  problems 
with  respect  to  the  closing  phase.  Concepts  on 
additional  optical  control,  therefore,  concentrate 
on  attachment  and  Its  control  In  one  of  the 
transition  phases.  In  principle,  there  are  two 
different  methods  of  optical  control  of  attachment: 
to  use  photodetachment  to  overcome  attachment,  or  to 
use  optically  Induced  attachment  In  gases  which 
otherwise  do  not  have  a  strong  attachment  rate  In 
the  E/N  range  of  interest. 

Photodetachment  can  be  used  as  a  method  to 
overcome  attachment  In  a  well  defined  discharge 
period.  A  negative  Ion  considered  for 
photodetachment  as  a  control  mechanisms  Is  0‘  [7]. 
Several  molecules,  such  as  (>2,  NO,  N2O,  NO2.  CO?, 
and  SO2,  undergo  dissociative  attachment  producing 
O'.  In  all  gases  or  gas  mixtures  with  these  gases, 
however,  competitive  attachment  processes  exist  or 
subsequent  reactions  of  0*  will  occur,  producing 
molecular  negative  Ions,  which  In  general  have  lower 
cross  sections  for  photodetachment. 

Photodetachment  experiments  In  low  pressure  O2 
discharges  and  flowing  afterglows  showed  that,  for 
example,  a  fraction  of  50*  of  the  negative  Ions 
could  be  detached  with  laser  pulses  with  a  energy 
flux  of  35  wJ/cm?  at  565  nm  [7],  For  attachers  with 
a  high  attachment  rate  at  high  values  of  E/N  and  low 
or  zero  attachment  rate  at  low  values  of  E/N  (s. 
Figure  2)  photodetachment  may  be  a  suitable  process 
to  support  a  transition  from  a  highly  attaching 
state  into  a  non-attaching  state  of  an  externally 
Sustained  discharge  [6]. 

Optically  enhanced  attachment  means  to  use  a 
gas  mixture  with  an  additive  of  molecules,  which  In 
their  Initial  state  are  very  weak  attachers,  and  to 
transfer  these  molecules  through  optical  excitation 
and  may  be  some  subsequent  spontaneous  transitions 
Into  species  which  act  as  strong  attachers. 

Optically  enhanced  attachment  is  a  control  mechanism 
considered  for  controlling  the  opening  phase  of 
diffuse  discharge  opening  switches.  Some  attachers 
show  a  drastically  Increased  attachment  cross 
section  If  excited  Into  vibrational  states.  For  HC1 
[9]  and  I2  [10]  for  example  the  attachment 
enhancement  factor  through  excitation  can  be  larger 
than  103.  There  are  many  ways  to  create  attachers 
excited  Into  vibrational  states.  Only  two  optical 
method  are  mentioned  here,  which  have  been  used 
before  for  the  pumping  lasers  operating  between 
vibrational  states: 

(1)  Optical  vibrational  excitation  of  higher 
lying  states  can  be  accomplished  through  overtone 
excitation  or  excitation  of  combination  states,  and 
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through  multi-photon  excitation.  Such  mechanisms  can 
be  found  In  numerous  excitation  mechanisms  of 
optically  pumped  1R  lasers.  Some  examples  are  lasers 
operating  In  oases  such  as  CF4,  N0C1,  CF3I,  and  NH3, 
pumped  by  a  Cog  laser  [11]. 

(2)  Photodissociation  of  large  molecules  has 
shown  to  produce  molecules  In  vibrational ly  excited 
states  and  Is  also  used  as  excitation  mechanism  for 
molecular  gas  lasers.  Examples  are  HF  lasers  pwped 
by  photoellmlnatlon  of  If  from  CH2CF2  and  CH2CHF, 
using  a  UV-f lash lamp  [12].  Some  of  these  processes 
have  significant  cross  sections  at  the  wavelength  of 
the  ArF-laser  at  193  nm.  Rossi  et  al.  [8], 
performend  a  drift  tube  experiment  to  demonstrate  the 
feasibility  of  these  processes  for  controlling  the 
electron  balance  In  a  discharge.  In  100  torr  Helium 
with  100  mtorr  C2H  F3  at  low  values  of  E/N  (<  3  Td), 
they  obtained  an  Increase  of  the  attachment  rate  of  up 
to  U>3  with  an  ArF  laser.  Slmlllar  experiments  were 
performed  In  C2H3CI.  Schaefer  et  al.  [13],  performed 
measurements  In  a  dc  glow  discharge  at  low  values  of 
E/N  (0.5-5  Td),  which  was  externally  sustained  by  a 
Helium  plasma  Injection.  In  a  gas  mixture  of  60  Torr 
Helium  and  3X  C2H3  Cl,  pulsed  resistance  changes  of  a 
factor  of  3.5  were  measured  after  Irradiating  the 
discharge  with  a  UV  spark  source. 

Summary 

Externally  sustained  diffuse  discharges  are 
promising  candidates  for  fast,  repetitive,  opening 
switches.  Low  losses  In  the  conduction  phase,  fast 
opening,  and  high  hold-off  voltages  can  be 
accomplished  by  using  attachers  with  a  high  attachment 
rate  at  high  values  of  E/N  and  a  low  attachment  rate 
at  low  values  of  E/N.  The  optimization  of  the  closing 
phase  requires  additional  control  mechanisms. 

Possible  processes  are  photodetachment  and  optically 
enhanced  attacnment. 
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Inductive  energy  storage  is  attrac¬ 
tive  in  pulsed  power  applications  be¬ 
cause  of  its  intrinsic  high  energy 
density  compared  to  capacitive  stor¬ 
age  systems.  The  key  technological 
problem  in  developing  Inductive 
energy  discharge  systems,  especially 
for  repetitive  operation  is  the  devel¬ 
opment  of  opening  switches.  Prom¬ 
ising  candidates  for  repetitive  open¬ 
ing  switches  are  e-beam  or  laser  con¬ 
trolled  diffuse  discharges  (1].  Ths 
schematic  diagram  of  an  electron-beam 
controlled  opening  switch  as  part  of 
an  inductive  storage  system  is  shown 
in  Pig.  1  (2) .  The  switch  chamber  is 
filled  with  a  gas  of  pressures  of  1 
atm  and  above.  The  gas  between  the 
electrodes  conducts  and  allows 
charging  of  the  inductor  only  when  an 
ionizing  e-beam  is  injected  into  the 
gas.  When  the  e-beam  is  turned  off, 
electron  attachment  and  recombination 
processes  in  the  gas  cause  the  con¬ 
ductivity  to  decrease  and  the  switch 
opens. 

The  switch  opening  time,  after 
e-beam  turn-off,  is  determined  by  the 
electron  loss  processes  in  the  dif¬ 
fuse  dischargei  recombination  and  at¬ 
tachment.  In  order  to  achieve  opening 
times  of  less  than  a  microsecond  at 
initial  electron  densities  <10^4ca~^, 
the  dominant  loss  process  must  be  at¬ 
tachment,  which  means  that  the  switch 
gas  mixture  must  contain  an  electro¬ 
negative  gas.  On  the  other  hand,  ad¬ 
ditives  of  attachers  increase  the 


power  losses  during  conduction.  Both 
low  forward  voltage  drop  and  fast 
opening  can  only  be  obtained  by 
choosing  gases  or  gas  mixtures  which 
satisfy  the  following  conditions 
(1,3,4,]: 

(1)  For  low  values  of  the 
reduced  field  strength  E/N  (conduct¬ 
ion  phase)  the  gas  mixture  should 
have  a  high  drift  velocity  vd  and  low 
attachment  rate  coefficient  ka. 

(2)  For  high  E/N  values  (opening 
phase)  the  gas  mixture  should  have 

lower  drift  velocities  and  high  at¬ 
tachment  rate  coefficients. 

Along  with  these  considerations, 
several  gas  mixtures  have  been  pro¬ 
posed  for  diffuse  discharge  opening 
Switches.  For  our  theoretical  inves¬ 
tigations  N2  was  chosen  as  a  buffer 
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gas  with  MjO,  SO2#  and  CO2  aa  tha 
ad dad  attachars  which  satisfy  tha 
abova  aantionad  conditions.  Experi¬ 
ments  wara  performed  in  tha  aasa  gaa 
mixtures  and  in  mixtures  of  Argon  and 
C2P6  13). 

Calculations  of  tha  steady-state 
discharga  charactarlstics  wara  per- 
fonaad  with  tha  ralatlva  attachar  con- 
can  trat ion  in  tha  but  far  gas  as  tha 
parameter.  Figure  i  ahows  tha  currant 
dansity  j  varsus  raducad  fiald 
atrangth  E/N  charactarlatics  for  dif- 
farant  N2O  concantrationa  in  an  N2 
buffar  gaa.  Tha  total  praasura  is  1 
at*.  At  snail  E/N,  balow  4  Td,  tha 
alactron  loss  is  dua  to  racombination 
only.  At  about  4  Td  tha  attachmant 
rata  coafficiant  risas  staaply.  This 


REDUCED  FIELD  STRENGTH  E/N  [Td] 


rig.  2.  Calculated  steady-state  j  vs 
E/N  characteristics  for  an  e-beam  sus¬ 
tained  discharge  in  Nj  with  admixtures 
of  NjO.  The  electron  generation  rate 
is  8xl021cm'3  s'1.  The  parameter  is 
the  NjO  fraction  in  percent  (see  Ref. 
4)  . 


naans  that,  for  raasonably  high  at¬ 
tachar  concantrationa  in  tha  buffer 
gas,  tha  lossas  incraasa  drastic¬ 
ally,  causing  a  negative  alopa  in 
tha  currant-voltage  charactarlatics. 
At  30  Td,  where  tha  attachment  rata 
coefficient  la  assumed  to  level  off, 
racombination  becomes  nora  important 
again,  as  danonstratad  by  tha  change 
in  tha  alopa  of  j  vs  E/N,  at  this 
value.  In  experimenta  tha  strongest 
negative  alopa  in  tha  currant-volt¬ 
age  charactarlstics  was  found  in 
Argon  with  admixtures  of  C2P4,  while 
in  N2  with  admixtures  of  N2O  this 
affect  was  not  wall  pronounced. 

Figure  3  shows  tha  influence  of 
attachar  concentration  (N2O)  on  tha 
switch  currant.  For  high  t'2°  concen¬ 
trations  (3t)  tha  awitch  currant 
pulse  replicates  tha  e-'beam  currant 
pulse,  except  for  tha  tall.  Tha  tall 
may  be  caused  by  tha  current  carried 
by  positive  and  negative  ions.  Tha 
current  gain  (switch  current/elec¬ 
tron  beam  currant]  is  about  2  for 
this  high  attachmant  concentration. 


TIME  (200  nx/dlv) 


Fig.  3.  Time  dependence  of  switch 
current  with  NjO  concentration  as  the 
variable  parameter. 
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ror  concentrations  of  0.7%,  ths  fall 
timo  (i/e-time)  lncraasaa  to  approx¬ 
imately  100  ns.  For  0.11  It  la  on 
ths  order  of  500  ns.  Ths  gain  in¬ 
creases  to  values  of  9  and  12  for 
0.7%  and  0.1%  N2O,  respectively. 

Further  calculations  sere  per¬ 
formed  to  Investigate  the  Influence 
of  the  attacher  on  the  electron  gen¬ 
eration  mechanism.  For  an  electron 
beam  sustained  discharge  operated  at 
low  values  of  E/N  the  energy  of  the 
initial  secondary  electrons  may  be 
well  above  the  energy  range  of  the 
steady  state  electron  energy  distri¬ 
bution,  and  also  above  the  energy 
range  in  which  the  attacher  used  has 
a  significant  attachment  cross  sec¬ 
tion.  These  initial  secondary  elec¬ 
trons  will  subsequently  during  their 
relaxation  move  through  the  energy 
range  where  attachment  may  occur  even 
if  the  steady  state  distribution 
function  does  not  overlap  with  the 
attachment  cross  section. 

Honte  Carlo  calculationa  for  a 
gas  mixture  of  n2  and  attachers  such 
as  N^O  and  SOg  showed  that  at  3  Td 
the  average  time  for  an  8eV 
electron  to  reduce  its  energy  to  2eV 
is  ~  2.5xl0_l0s.  This  time  is  almost 
exclusively  spont  in  the  energy  ranqe 
above  4eV  where  N}  does  not  have  sig¬ 
nificant  inelastic  cross  sections. 
This  causes  a  significant  difference 
of  the  Influence  of  the  two  attachers 
mentioned.  SO2  has  its  maximum  at¬ 
tachment  cross  section  at  ~4.5eV. 

In  a  mixture  of  90%  N2  and  10%  SO2 
more  than  20%  of  the  initial  second¬ 
ary  electrons  are  attached  if  they 
are  generated  at  energies  above  5eV. 
In  a  mixture  of  90%  N2  with  10%  NgO 
attachment  of  the  initial  second¬ 


ary  electrons  can  nearly  be  neglected 
5%) ,  since  the  attachment  cross 
**ction  of  NjO  has  Its  maximum  at 
~2.3eV  in  the  range  where  N2  has 
itB  large  inelastic  cross  sections. 
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Appendix  D 

NEGATIVE  DIFFERENTIAL  CONDUCTIVITY  IN  AN  ELECTRON-BEAM 
CONTROLLED  OIFFUSE  DISCHARGE  FOR  SWITCHING  APPLICATIONS* 

G.  Schaefer,**  K.  H.  Schoenbach,***  M.  Kristiansen, 

B.  E.  Strickland  and  R.  A.  Korzekwa 
Department  of  Electrical  Engineering 
Texas  Tech  University 
Lubbock,  Texas  79403-4439,  USA 

INTRODUCTION 

Inductive  energy  storage  is  attractive  in  pulsed  power 
applications  because  of  its  intrinsic  high  energy  density 
compared  to  capacitive  storage  systems.  The  key  technological 
problem  in  developing  inductive  energy  discharge  systems, 
especially  for  repetitive  operation,  is  the  development  of 
opening  switches.  Promising  candidates  for  repetitive  opening 
switches  are  e-beam  or  laser  controlled  diffuse  discharges 
[1]. 

An  e-beam  controlled  diffuse  discharge  switch  opens  when 
the  e-beam  is  turned  off.  The  switch  opening  time  is 
determined  by  the  electron  loss  processes:  recombination  and 
attachment.  In  order  to  achieve  opening  times  of  less  than  a 
microsecond  at  initial  electron  densities  ne  <10^4  cm-3f  the 
dominant  loss  process  must  be  attachment,  which  means  that  the 
switch  gas  mixture  must  contain  an  electro-negative  gas.  On 
the  other  hand,  additives  of  attachers  increase  the  power 
losses  during  conduction.  Both  low  forward  voltage  drop  and 
fast  opening  can  only  be  obtained  by  choosing  gases  or  gas 
mixtures  which  satisfy  the  following  conditions  [1-3]: 
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(1)  For  low  values  of  the  reduced  field  strength  E/N  (conduction 
phase)  the  gas  mixture  should  have  a  high  drl^t  velocity  v^  and 
low  attachment  rate  coefficient  ka. 

(2)  For  high  E/N  values  (opening  phase)  the  gas  mixture  should  have 
low  drift  velocities  and  high  attachment  rate  coefficients. 

It  has  been  discussed  before  that  such  gas  properties  cause  a 
discharge  characteristic  (current  density  J  versus  reduced  electric 
field  strength  E/N)  with  a  strong  negative  differential  conductivity 
[2,4].  Such  a  characteri stic  is  equivalent  to  a  strong  increase  of 
the  discharge  resistivity  with  increasing  E/N.  Gas  mixtures,  for 
example,  recommended  for  these  applications  are  mixtures  of  Argon 
or  CH4  and  C2F6  or  C3F8  [2].  All  experiments  presented  here  were 
performed  with  mixtures  of  Argon  and  C2F g - 

EXPERIMENTS 

The  experimental  setup  used  for  the  presented  investigations  is 
an  electron-beam  controlled  diffuse  discharge  switch  with  an  elec¬ 
tron-beam  tetrode  for  multiple,  submicrosecond  pulse  operation 
[5,6].  The  discharge  itself  was  driven  by  a  2  Ohm  pulse  forming 
network,  and  series  resistors  were  used  to  simulate  high  impedance 
systems.  The  discharge  characteristics  were  investigated  with  a  2 
Ohm  system.  Figures  I  and  2  show  the  discharge  characteristics  and 
the  resistivities  for  different  mixing  ratios  of  Argon  and  C2F6- 
The  current  density  reaches  a  maximum  in  the  E/N  range  of  2-3  Td, 
depending  on  the  C2F6  concentration  and  the  source  function,  S. 

With  further  increasing  E/N  up  to  approximately  5  Td  the  current 
density  decreases.  The  discharge  resistivity  increases  in  this  E/N 
range  by  a  factor  of  approximately  20.  The  increase  of  resistivity 
is  more  pronounced  with  increasing  C 2F6  concentration.  It  is  mainly 
caused  by  the  attachment  properties  of  C 2F6  and  not  by  the  E/N 
dependence  of  the  drift  velocity.  Also  mixtures  of  Argon  and 
Nitrogen  have  a  drift  velocity  with  a  maximum  at  low  values  of  E/N, 
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however,  these  mixtures  did  not  show  a  negative  differential 
conductivity.  The  drift  velocity,  however,  seems  to  influence  the 
magnitude  of  the  current  maximum  at  low  C2F6  concentrations  since 
the  characteristic  for  0.5<  C2F6  shows  a  lower  maximum  current  than 
for  2%  C2F5.  Since  the  maximum  of  the  current  density  indicates 
the  optimum  operation  range  for  the  steady  state  conducting  phase 
one  can  conclude  that  the  optimum  Ar-C2F6  mixture  contains 
approximately  2%  C2F6- 

INTERACTION  OF  DISCHARGE  AND  CIRCUIT 

If  the  specific  switch  application  requires  a  burst  of  short 
pulses  with  a  high  repetition  rate  then  the  inductor  is  charged  only 
once  and  the  total  length  of  the  burst  of  pulses  is  in  the  order  of 
the  discharge  time  of  the  inductor.  For  this  operating  mode  the 
inductor  can  be  treated  as  a  high  impedance  line  and  the  closing  and 
opening  process  have  to  follow  the  same  high  impedance  load  line 
[3].  Figure  3  shows  the  different  load  lines  used  and  the 
experimental  discharge  results  achieved  with  these  load  lines.  It 
becomes  obvious  that  the  current  maximum  can  not  be  utilized  with  a 
high  impedance  system  in  the  repetitive  mode. 

The  closing  process  is  obstructed  even  for  operating  conditions 
for  which  the  discharge  can  reach  a  low,  loss  low  E/N  state,  since 
the  closing  process  starts  at  high  values  of  E/N  where  attachment  is 
strong.  This  behavior  is  demonstrated  in  Figure  4.  The 
characteristics  measured  with  a  2  Ohm  system  and  a  100  ohm  system 
are  shown.  For  the  2  Ohm  system  the  steady  state  values  are 
obtained  in  less  than  100  ns.  For  the  100  Ohm  system  the  j ( E /N ) 
values  are  plotted  for  75  ns  and  for  350  ns  after  e-beam  initiation. 
Figure  4  demonstrates  that  those  low  loss,  low  E/N  operation 
conditions  which  can  be  achieved  with  this  high  impedance  system  are 
reached  only  after  a  long  closing  period.  This  behavior  was  already 
predicted  for  N2:N20  mixtures  [3]. 


CONCLUSION 


Gas  mixtures  which  cause  a  negative  differential  conductivity 
in  an  intermediate  E/N  range  are  most  suitable  for  diffuse  discharge 
opening  switches  if  the  system  is  operated  in  a  single  shot  mode 
(recharging  of  the  inductor  after  every  shot).  For  a  burst  mode 
(several  shots  from  a  single  inductor  charging),  however,  the 
closing  process  is  obstructed  and  the  maximum  possible  current  can 
not  be  utilized.  As  a  solution,  ternary  gas  mixtures  can  be  used 
with  two  attachers  with  attachment  cross  sections  at  different 
electron  energies  to  produce  a  flat  characteri sitic  over  a  wide  E/N 
range  and  to  achieve  the  same  increase  of  resistivity.  Another 
approach  is  to  control  the  attachment  externally  [1,3]. 
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Fig.  3  Loadlines  and  current  density  J  versus  reduced  electric 
field  strength  E/N  obtained  with  different  loadlines. 
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Current  density  J  versus  reduced  electric  field  strength 
E/N  obtained  at  different  times  after  e-beam  initiation 
and  different  loadlines. 
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Abstract :  The  control  efficiency  and  the  response 
time  of  electron-beam  controlled  diffuse  discharges 
Is  to  a  large  extent  determined  by  atomic  and  mole¬ 
cular  properties  of  the  switch  gas  composition.  An 
e-beam  tetrode  was  used  to  study  switch  gas 
properties  for  submicrosecond  opening  switches. 
Electrical  measurements  were  performed  with  various 
switch  gas  mixtures  containing  small  amounts  of 
electronegative  gases.  Of  particular  Interest  were 
mixtures  of  N20:N2  and  C2f6:Ar.  In  both  gas  mixtures 
the  resistivity  Increases  with  electric  field 
strength.  This  effect  Is  particularly  strong  In  a 
mixture  of  21  £2*6  1  atm  Ar,  where  an  Increase  of 
25  was  obtained  In  a  reduced  field  strength  range  of 
1  Td  <  E/N  <  20  Td.  The  current  decay  times  or 
opening  times  with  this  mixture  were  below  100  ns. 
Optical  time  resolved  Investigations  of  discharges  In 
C2Fg:Ar  showed  the  occurence  of  striatlons  which  were 
perpendicular  to  the  discharge  axis.  These  luminous 
layers  In  the  discharge  can  be  explained  as  domain 
formations  similar  to  those  observed  In  direct 
semiconductors  as  e.g.  the  Gunn-effect  In  GaAs. 

Introduction 


electrically  heated  array  of  thorlated  tungsten  fila¬ 
ments.  At  a  filament  temperature  of  2100  K,  the  e- 
beam  current  density  Is  about  4  A/ cm2  over  the  100 
cm*  cross-sectional  area  of  the  beam.  The  temporal 
structure  of  the  e-beam  is  controlled  by  means  of  a 
control  grid  which  allows  the  generation  of  a  pulse 
train  with  pulse  duration  and  pulse  separation  In  the 
100  ns  time  range.  For  some  Investigations  the  e- 
bearo  was  operated  as  a  cold  cathode  system,  which 
provided  e-beam  current  pulses  of  15  A  with  a  pulse 
duration  of~400  ns. 
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Electron-beam  controlled  diffuse  discharges  can 
be  used  as  fast,  repetetlvely  operated  closing  and 
opening  switches.  The  concept  Is  as  follows:  The  gas 
between  the  electrodes  conducts  when  the  Ionizing  e- 
beam  is  Injected  and  the  switch  closes.  The  switch 
voltage  remains  below  the  self-breakdown  voltage,  so 
that  avalanche  Ionization  Is  negligible.  Thus  the 
discharge  Is  completely  sustained  by  the  e-beam.  When 
the  e-beam  Is  turned  off,  electron  attachment  and 
recombination  processes  In  the  gas  cause  the  conduc¬ 
tivity  to  decrease  and  the  switch  opens. 

In  order  to  achieve  opening  times  of  less  than  a 
microsecond  at  Initial  electron  densities  of  n.  < 
101*  cm"’,  the  dominant  loss  must  be  attachment.  That 
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Fig.  1.  Cross  Section  of  E-Beam  Tetrode  and  Switch 
Chamber. 


means  that  the  switch  gas  mixture  must  contain  an 
electronegative  gas  which,  however,  lowers  the  effi¬ 
ciency  of  the  switch.  It  causes  a  reduction  of  the 
current  gain  (switch  current/e-beam  current)  propor¬ 
tional  to  the  opening  time.  If  the  switch  Is  part  of 
an  Inductive  energy  circuit,  both  high  current  gain 
and  fast  opening  can  be  obtained  by  choosing  gas 
mixtures  which  satisfies  the  conditions  [1,2,31: 

a)  For  low  values  of  the  reduced  field  strength  E/N 
(conduction  phase)  the  gas  mixture  should  have  a  high 
drift  velocity  vj  and  low  attachment  rate  ka. 

b)  For  high  E/N  values  (opening  phase)  the  gas  mix¬ 
ture  should  have  lower  drift  velocities  and  high 
attachment  rate  coefficients. 


Experimental  Setup 


For  the  Investigation  of  e-beam  controlled 
conductivity  In  a  high  pressure  gas  mixture  with 
properties  as  discussed  above,  a  discharge  system  was 
constructed  with  an  e-beam  tetrode  as  control  element 
(4).  A  schematic  cross-section  of  the  tetrode  and  the 
discharge  chamber  Is  shown  In  Fig.  1.  The  e-beam 
cathode  Is  located  In  the  Pyrex  cylinder  between  the 
two  plates  of  a  strlpllne  and  consists  of  an 


The  e-beam  voltage  Is  applied  to  the  anode  by  a 
two-stage  Marx  generator,  which  delivers  a  maximum 
voltage  of  250  kV  with  a  5  ns  risetime  and  with  an 
exponential  decay  time  constant  of  about  2.5  micro¬ 
seconds  Into  a  300  Ohm  load.  After  passing  through  a 
25  um  titanium  foil  and  a  12.5  pm  aluminum  foil, 
which  serves  as  an  electrode  In  the  diffuse  discharge 
switch,  the  e-beam  generates  a  diffuse  plasma 
between  the  electrodes  In  the  stainless  steel 
discharge  chamber.  The  current  through  the  plasma  Is 
provided  by  a  2  Ohm  pulse  forming  network. 

Measurements  of  the  e-beam  current  and  the 
switch  current  were  performed  by  means  of 
transmission  line  current  transformers  (5).  Voltages 
were  measured  with  fast  resistive  voltage  dividers. 
In  order  to  get  Information  on  the  spatial  structure 
of  the  discharge  an  Image  converter  camera  was  built 
1 6 1  using  an  ITT  Image  converter  diode  type  F4109. 
The  camera  has  a  high  sensitivity  of  2 25  uA//m  and  a 
high  spatial  resolution  of  45  /p/mm.  The  shutter 
time  was  about  10  ns. 


Diffuse  discharge  experiments  Mere  performed  In 
N2O,  SO2,  and  CO2  Mlth  Ng  as  buffer  gas,  and  C2F6  In 
A r.  The  source  term,  the  number  of  electrons  produced 
per  chh  cecond,  was  In  the  range  of  10zo  car^s*1  to 
10zl  cm*3$-l.  The  voltage  applied  at  the  PFN  was 
varied  between  100  Volts  and  20  kV.  The  switch  elec¬ 
trode  gap  was  kept  constant  at  3.5  cm.  Most  of  the 
measurements  were  performed  with  the  N20:N2  gas  mix¬ 
ture.  This  gas  combination  was  for  one  expected  to 
satisfy  the  conditions  for  switch  gases  nicely  (see 
Introduction)  and  secondly  It  allowed  modeling  of  the 
diffuse  discharge  (7],  since  a  complete  set  of  cross 
sections  Is  available  for  N2  (81  and  the  plasma 
chemistry  In  a  mixture  of  N2  and  N2O  appeared  to  be 
relatively  simple. 

Figure  2  shows  the  Influence  of  the  attacher  c 
concentration  (N?0)  on  the  opening  time.  For  high  N?0 
concentrations  (3  t)  the  switch  current  replicates  trie 
e-beam  current,  except  for  the  tall.  The  tall  Is 
caused  by  the  current  carried  by  positive  and  negative 
Ions.  The  current  gain  Is  about  2  for  this  attacher 
concentration.  For  concentrations  of  .7  t  the  fall 
time  (1/e  -time)  Increases  to  approximately  100  ns. 
For  .1  t  It  Is  In  the  order  of  500  ns.  The  gain 
Increases  to  values  of  9  and  12,  respectively. 
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Fig.  2.  Normalized  Switch  Current  for  Different 
Attacher  Concentrations.  Demonstrating  the 
Strong  Effect  of  the  Attacher  on  the  Current 
Decay  (Opening  Time). 


Figure  3  shows  the  experimentally  obtained 
current  density  (J)  values  (dots)  versus  reduced 
field  strength  E/N  for  the  e-beam  sustained  discharge 
under  steady  state  conditions  In  1  atm  Nj  with  ,7t 
N?0.  The  curve  represents  calculated  values  [9] 
which  were  critically  depending  on  available  attach¬ 
ment  rate  coefficients  or  cross  sections  [10,11,12]. 
The  good  coincidence  between  model  and  experiment  was 
obtained  with  attachment  cross  sections  measured  by 
Chantry  [12]. 
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Fig.  3.  Current  Density  j  versus  Reduced  Field 
Strength  E/N  for  a  Discharge  In  N20:N2 
(Calculated  Curve  and  Experimental  Data 
Points). 

In  Fig.  4  the  experimental  and  theoretical  data 
are  plotted  In  a  resistivity  ffy  versus  E/N  diagram. 
The  desired  opening  switch  effect,  an  Increase  In 
resistivity  with  Increasing  electric  field.  Is 
obtained  with  the  N20:N2  gas  mixture.  However,  the 
Increase  Is  moderate:  about  2.5  over  a  field 
strength 
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Fig.  4.  Discharge  Resistivity  P«  versus  E/N  for  a 
Discharge  In  N20:N2  (Calculated  Curve  and 
Experimental  Oata  Points.) 


range  of  25  Td.  The  strong  deviation  of  the  lowest 
experimental  value  from  the  computed  curve  Is 
probably  due  to  the  fact  that  the  cathode  fall  was 
not  Included  In  our  model.  Gas  combinations  of  SO2 
and  CO2  with  N2  as  buffer  gas  showed  even  smaller 
changes  In  resistivity  at  comparable  opening  times. 

A  group  of  very  promising  gases,  what  the 
opening  switch  conditions  concerns  (see 
Introduction),  were  proposed  by  Chrlstophourou  et. 
al.,  [3].  The  total  attachment  rate  constant  kt  is 
plotted  versus  mean  electron  energy  <  In  Fig. 5. 
Measurements  performed  with  the  gas  mixture  of  2  * 
CjFg  In  1  atm  A r  as  buffer  gas  gave  as  a  result  a 
very  strong  Increase  In  resistivity  with  field 
strength  (Fig. 6).  Decay  (opening)  ttmes  for  this 
mixture  were  below  100  ns.  The  mixture  seems  to  be 
relatively  stable. 


Fig.  S.  Gases  with  Strong  Increase  of  Attachment 
Rate  Coefficient  with  Electron  Energy  [13]. 
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Fig.  6.  Discharge  Resistivity 
Discharge  In  C2F$:Ar. 


P0  versus  E/N  for  a 


Reproducable  results  at  an  e-beam  voltage  of  150  kV 
were  obtained  for  150  shots  without  changing  the  gas. 

The  current  density  (J)  versus  reduced  field 
strength  (E/N)  curve  for  this  gas  mixture  Is  shown  In 
Fig.  7.  It  contains  a  region  with  very  pronounce 
negative  differential  conductivity  (NDC).  The  effect 
which  causes  NDC  In  externally  sustained  diffuse 
discharges  containing  attachers  Is  due  to  the 
Increased  generation  of  negative  tons,  that  means 
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Fig.  7.  Current  Density  j  versus  Reduced  Field 
Strength  E/N  for  a  Discharge  In  CjFgiAr. 


negative  charges  with  Increased  mass,  above  a  certain 
electron  energy.  A  similar  effect  Is  known  and  widely 
applied  for  high  frequency  generation  and  ampllfl- 
cation  In  semiconductors,  as  e.g.  GaAs  [14].  The 
negative  differential  conductivity  In  semiconductors 
Is  caused  similarly  as  In  diffuse  discharges  by  an 
Increase  In  the  effective  mass  of  the  electrons  at 
higher  electron  energies  [15].  The  presence  of  NOC  In 
semiconductors  causes  homogeneous  material  to  become 
electrically  heterogeneous  thus  causing  high  field 
dipole  domains  to  form  and  propagate  through  the 
semiconductor  (Gunn-effect). 

The  same  effect,  formation  of  high  field 
domains,  can  be  expected  in  externally  sustained 
discharges  with  gas  mixtures  such  as  C2F5  In  A r.  In 
order  to  prove  this,  the  discharge  was  optically 
recorded  by  means  of  an  Image  converter  camera  with  a 
shutter  time  of  10  ns.  Figure  8a  shows  side-on 
photographs  of  the  discharge  at  different  times  after 
e-beam  turn-on.  Fig.  8b  the  corresponding  photometer 
curves  along  the  discharge  axis.  The  discharge  was 
biased  so  that  the  point  of  operation  was  In  the  NDC- 
reglon  of  the  J-E/N  characteristic  (Fig.  7).  The 
pictures  show  clearly  the  development  of  a  highly 
luminous  layer  In  the  cathode  region  of  the 
discharge.  Its  profile  Is  dependent  on  the  bias 
voltage;  for  bias  points  on  the  left  hand  side  of  the 
current  density  maximum  the  discharge  appears 
homogeneous. 

Ue  consider  the  region  of  high  luminosity  as  a 
high  field  domain,  a  region  of  enhanced  energy 
dissipation,  similar  to  the  ones  observed  In  semicon¬ 
ductors.  The  reduction  In  the  width  of  these 
structures  can  be  explained  by  the  more  than  linear 
Increase  In  the  attachment  rate  coefficient  In  the 
NDC-reglon.  A  propagation  of  the  high  field  domains 
In  anode  direction  could  not  be  observed.  The 
reasons  are  the  shot-to-shot  variations  In  the  struc¬ 
ture  which  did  not  allow  exact  timing  and  the 
expected  relatively  slow  motion  of  the  layer  (v  •  105 
-  10"  cm/s). 

The  development  of  high  field  domains  has 
probably  little  effect  on  the  opening  switch  behav'or 
of  an  e-beam  controlled  discharge;  however,  it  may 
lead  to  more  applications  for  these  type  of 
discharges.  The  analogy  to  the  Gunn  effect  m  GaAs 
points  to  the  initiation  of  e-beam  sustained 
discharges  as  high  power,  high  frequency  oscillators 
and  amplifiers.  Preliminary  calculations  indicate 
power  levels  of  >  100  kW  at  frequencies  <  1  Ghi. 
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Fig.  8a  Temporal  Development  of  Striatlons  in  the 
E/N  Range  with  Negative  Differential 
Conductivity. 


Fig.  80.  Photometer  Curves  of  the  Discharge  Along  the 
Discharge  Axis. 

Suwmary 

Different  gas  mixtures  were  tested  for  their  use 
as  switch  gases  in  diffuse  discharge  opening  switches. 
Best  results  were  obtained  with  a  mixture  of  C;Fx  and 
A r  as  buffer  gas.  For  a  mixture  of  21  C?Fg  in  f  atm 
A r  opening  times  of  less  than  100  ns  were  measured. 
The  Increase  in  resistivity  was  almost  two  orders  of 
magnitude  in  a  field  strength  range  up  to  25  Td.  The 
current  gain  for  this  gas  combination  at  a 
pressure  of  6  atm  and  e-bcam  energies  of  165  keV  would 
be  about  100.  The  current  density-reduced  field 
strength  character! stic  of  the  e-beim  controlled 
discharge  in  C;jf«:Ar  has  a  distinct  region  with 
negative  differential  conductivity.  This  effect  causes 
the  formation  of  luminous  striatlons  in  the  discharge. 
The  analogy  between  this  type  of  discharge  and 
semiconductors,  which  exhibit  NOC,  might  lead  to 
applications  for  externally  sustained  diffuse 
discharges  as  high  power  oscillators  and  amplifiers. 
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The  use  of  attaching  gases  in  an  externally  sustained  diffuse  discharge  opening  switch  with  a  low 
attachment  rate  at  low  values  of  E  /N  and  a  high  attachment  rate  at  high  values  of  E  /N  allows  the 
discharge  to  operate  with  low  losses  in  the  closed  switch  phase  and  to  achieve  fast  opening  after 
the  sustainment  source  is  turned  off.  Such  an  attacher  generates  a  J-E  /N  characteristic  with  a 
negative  differential  conductivity  in  an  intermediate  E  /N  range.  Such  a  characteristic  obstructs 
the  closing  process  of  the  discharge  if  it  is  operated  in  a  high  impedance  system.  Experiments 
demonstrating  these  effects  are  presented  for  electron  beam  sustained  discharges  in  mixtures  of 
argon  and  CjF*. 


Inductive  energy  storage  is  attractive  in  pulsed  power 
applications  because  of  its  intrinsic  high-energy  density 
compared  to  capacitive  storage  systems.  The  key  technologi¬ 
cal  problem  in  developing  inductive  energy  discharge  sys¬ 
tems,  especially  for  repetitive  operation,  is  the  development 
of  opening  switches.  Promising  candidates  for  repetitive 
opening  switches  are  electron  beam  (e-beam)  or  laser  con¬ 
trolled  diffuse  discharges 

An  e-beam  controlled  diffuse  discharge  switch  utilizes 
an  externally  sustained  discharge  as  the  switch  medium  in 
which  ionization  is  solely  maintained  by  the  e-beam.  The 
switch  opens  when  the  e-beam  is  turned  off.  The  switch 
opening  time  is  determined  by  the  electron  loss  processes: 
recombination  and  attachment.  In  order  to  achieve  opening 
times  of  less  than  a  microsecond  at  initial  electron  densities 
n,  <  10'4  cm"  ’,  the  dominant  loss  process  must  be  attach¬ 
ment,  which  means  that  the  switch  gas  mixture  must  contain 
an  electronegative  gas.  On  the  other  hand,  additives  of  at¬ 
taches  increase  the  power  losses  during  conduction.  Both 
low  forward  voltage  drop  and  fast  opening  can  only  be  ob¬ 
tained  by  choosing  gases  or  gas  mixtures  which  satisfy  the 
following  conditions1'1: 

( 1 )  For  low  values  of  the  reduced  field  strength,  E  /N 
(conduction  phase ) ,  the  gas  mixture  should  have  a  high  drift 
velocity  vd  and  low  attachment  rate  coefficients  km. 

(2)  For  high  E/N  values  (opening  phase)  the  gas  mix¬ 
ture  should  have  low  drift  velocities  and  high  attachment 
rate  coefficients. 

It  has  been  discussed  before  that  such  gas  properties  cause  a 
discharge  characteristic  (current  density  J  versus  reduced 
electric  field  strength  E  /N)  with  a  strong  negative  differen¬ 
tial  conductivity.1 4  Such  a  characteristic  is  equivalent  to  a 
strong  increase  of  the  discharge  resistivity  with  increasing 
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E  /N.  Gas  mixtures  which  show  the  above-mentioned  prop¬ 
erties  and  were  recommended  for  these  applications  include 
mixtures  of  argon  or  CH4  and  CjF6  or  C3F,  ( Ref.  2 ) .  Some 
of  these  gas  mixtures  have  been  used  for  switching  experi¬ 
ments  in  e-beam  sustained  discharges. 1,6  The  experiments 
presented  here  were  performed  with  mixtures  of  argon  and 
C}F„. 

The  experimental  setup  used  for  our  investigations  is  an 
e-beam  controlled  diffuse  discharge  switch  with  an  e-beam 
tetrode  for  multiple,  submicrosecond  pulse  operation.7  '  The 
discharge  itself  is  driven  by  a  2-fI  pulse-forming  network 
and  series  resistors  are  used  to  simulate  high  impedance  sys¬ 
tems. 

The  discharge  characteristics  were  investigated  with  a 
2-0  system.  Figures  1  and  2  show  the  discharge  characteris¬ 
tics  and  the  resistivities  for  different  mixing  ratios  of  argon 
and  C2F6.  The  source  function  was  kept  constant  at  a  value 
of  5  =  1.3  X  lO70  cm"3  s“ '.  The  current  density  reaches  a 
maximum  in  the  E/N  range  of  2-3  Td.  depending  on  the 


FIO  I  Current  density  J  *1  reduced  Held  strength  E  /N.  for  an  e-beam 
sustained  discharge  in  argon  with  admixtures  of  C;F.  The  source  function 
is  5  ■  I  3  x  lO*0  cm  ‘  ’  s ' 1  The  variable  parameter  is  the  C;F,  fraction 
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REDUCED  FIELD  STRENGTH  <E/N)/Td 

FIG  2.  Resistivity^  vs  reduced  field  strength  £  /N  for  an  e-beam  sustained 
discharge  in  argon  with  admixtures  of  C,F„  The  source  function  is 
S«  l.3x  IO-'“cm  's  The  variable  parameter  is  the  C;F„  fraction. 


C2F„  concentration  and  the  source  function  S.  With  further 
increasing  E  /N  up  to  approximately  5  Td  the  current  density 
decreases.  The  discharge  resistivity  increases  in  this  E  /N 
range  by  a  factor  of  approximately  20.  The  increase  of  resis¬ 
tivity  is  more  pronounced  with  increasing  C3Fft  concentra¬ 
tion.  It  is  mainly  caused  by  the  attachment  properties  of 
CjF„  and  not  by  the  E  /N  dependence  of  the  drift  velocity. 
Also  mixtures  of  argon  and  nitrogen  have  a  drift  velocity 
with  a  maximum  at  low  values  of  E  /N\  however,  these  mix¬ 
tures  did  not  show  a  negative  differential  conductivity.  The 
drift  velocity,  however,  seems  to  influence  the  magnitude  of 
the  current  maximum  at  low  C2FA  concentrations  since  the 
characteristic  for  0.5%  C2F„  shows  a  lower  maximum  cur¬ 
rent  than  for  2%  C2F„.  Since  the  maximum  of  the  current 
density  indicates  the  optimum  operation  range  for  the 
steady-state  conducting  phase  one  can  conclude  that  the  op¬ 
timum  Ar-CjF,,  mixture  contains  approximately  2%  C:F„. 

It  should  also  be  mentioned  that  the  self-breakdown  vol¬ 
tage  and  the  glow-to-arc  transition  voltage  increase  with  in¬ 
creasing  CjF6  concentration.  The  E  /N  values  for  the  glow- 
to-arc  transition  were  8, 1 2,  and  1 5  Td,  and  >  20  Td  for  C;F„ 
concentrations  of  0.5%,  2%,  5%.  and  10%,  respectively. 

If  the  specific  switch  application  requires  a  burst  of 
short  pulses  with  a  high  repetition  rate,  then  the  inductor  is 
charged  only  once  and  the  total  length  of  the  burst  of  pulses 
is  shorter  or  in  the  order  of  the  discharge  time  of  the  induc¬ 
tor.  For  this  operating  mode  the  inductor  can  be  treated  as  a 
high  impedance  transmission  line  and  the  closing  and  open¬ 
ing  processes  have  to  follow  the  same  high  impedance  load 
line.1  This  load  line,  therefore,  also  determines  the  maxi¬ 
mum  voltage  K„ ,  which  can  be  obtained  with  an  open  cir¬ 
cuit.  The  next  closing  process,  starting  with  Vm,  will  then 
follow  the  load  line  until  it  reaches  the  steady-state  condition 
of  the  discharge,  given  by  the  J-E  /N  characteristic  of  the 
discharge. 

These  operating  conditions  were  simulated  in  our  exper¬ 
iment  by  using  resistors  in  series  with  the  pulse  forming 
network.  Figure  3  shows  the  different  load  lines  used  and  the 
experimental  discharge  results  achieved  with  these  load 
lines.  It  becomes  obvious  that  the  current  maximum  cannot 
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FIG  3  Load  line*  and  current  density  J  vs  reduced  electric  field  strength 
£  /N.  for  an  e-beam  sustained  discharge  in  argon  with  an  admixture  of  2% 
C.F„.  obtained  with  different  load  lines 


be  utilized  with  a  high  impedance  system  in  the  repetitive 
mode. 

The  closing  process  is  obstructed  (the  closing  time  in¬ 
creases  significantly)  even  for  operating  conditions  for 
which  the  discharge  can  reach  a  low  loss,  low  E  /N  state, 
since  the  closing  process  starts  at  high  values  of  E  /N  where 
attachment  is  strong.  This  behavior  is  demonstrated  in  Fig. 
4.  The  characteristics  measured  with  a  2-0  system  and  a 
100-fl  system  are  shown.  For  the  2-0  system  the  steady- 
state  values  are  obtained  in  less  than  100  ns.  For  the  100-fl 
system  the  E  /N  values  are  plotted  for  75  ns  and  for  350  ns 
after  e-beam  initiation.  The  ionizing  e-beam  had  a  rise  time 
of  approximately  10  ns  and  a  nearly  flat  maximum  over  a 
pulse  length  of  400  ns.7  The  source  function  for  these  mea¬ 
surements  again  was  5=  1.3x10-*’  cm~'s-1.  Figure  4 
demonstrates  that  those  low  loss,  low  E /^operating  condi¬ 
tions  which  can  be  achieved  with  this  high  impedance  sys¬ 
tem  are  reached  only  after  a  long  closing  period.  This  behav¬ 
ior  was  already  predicted  for  N2:N20  mixtures.' 

We  therefore  have  to  conclude  that  gas  mixtures  which 
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FIG  4  Current  demit  y  J  vs  reduced  electric  field  xlrength  £  fS  for  »n  r- 
beam  sustained  discharge  in  argon  with  an  admixture  of  2%  C:F„  obtained 
at  different  limes  after  t  beam  initiation  and  with  different  load  lines 
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cause  a  negative  differential  conductivity  in  an  intermediate 
E  /N  range  are  most  suitable  for  diffuse  discharge  opening 
switches  only  if  the  system  is  operated  in  a  single  shot  mode 
(recharging  of  the  inductor  after  every  shot).  For  a  bunt 
mode  (several  shots  from  a  single  inductor  charging),  how¬ 
ever,  the  closing  process  is  obstructed  and  the  maximum 
possible  current  cannot  be  utilized.  For  such  an  application  a 
discharge  characteristic  is  required  where  the  current  rises 
strongly  with  E  /N  up  to  the  operating  point  of  the  discharge 
in  the  closed  phase.  Above  this  E  /N  value  the  current  should 
stay  constant  or  decrease  slowly  with  E  /N  over  a  wide  E  /N 
range  to  assure  a  high  self-breakdown  voltage.  Ternary  gas 
mixtures  can  be  used  with  two  attachers  with  attachment 
cross  sections  at  different  electron  energies  to  produce  such  a 
flat  characteristic  over  a  wide  E  /N  range  and  to  achieve  the 
same  increase  of  resistivity.  Another  approach  to  solve  this 
problem  is  to  control  the  attachment  externally.1'3 
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Abstract 

The  use  of  attaching  gases  In  an  externally 
sustained  diffuse  discharge  opening  switch  with  a 
low  attachment  rate  at  low  values  of  E/N  allows 
the  discharge  to  operate  with  low  losses  In  the 
closed  switch  phase  and  to  achieve  fast  opening 
after  the  sustainment  source  Is  turned  off.  Such 
an  attacher  generates  a  J-E/N  characteristic  with 
a  negative  differential  conductivity  In  an 
intermediate  E/N  range.  as  demonstrated  in 
electron  beam  sustained  discharges.  Such  a 
characteristic  obstructs  the  closing  process  of 
the  discharge  If  It  Is  operated  in  a  high 
Impedance  system.  Experiments  demonstrating  these 
effects  are  presented  for  electron  beam  sustained 
discharges  in  mixtures  of  Argon  and  C^Tg. 

Another  approach  discussed  Is  to  control  the 
attachment  externally  by  generating  vibrational ly 
excited  molecules,  which  arc  known  to  have  higher 
attachment  cross  sections.  Experiments  are 
presented,  demonstrating  Increased  resistivity  In 
self  sustained  and  externally  sustained  dc 
discharges  It.  gas  mixtures  containing  attachers 
such  as  NH^  and  C2HF3.  af,«r  vibrational 
exctltatlon  with  a  low  power  00^  laser. 

Inuo^ytUgn 

For  many  pulsed  power  applications  weight  and 
volume  have  become  the  smjor  limiting  factors  for 
scaling  these  systems  to  higher  energies. 
Inductive  energy  storage  Is.  therefore  attractive 
for  these  applications  because  of  Its  intrinsic 
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high  energy  density  cosrpared  to  present  capacitive 
storage  systems .  The  key  technological  problem  In 
developing  inductive  energy  discharge  eystesu. 

especially  for  repetitive  operation.  is  the 

development  of  opening  switches.  Proeilslng 

candidates  for  repetitive  opening  switches  are 
electron  beam  or  laser  controlled  diffuse 

discharges. 

An  electron  beam  controlled  diffuse  discharge 
switch  utilizes  an  electron  beam  sustained 
discharge  as  the  switch  medium.  The  voltage 
across  the  switch  is  always  kept  below  the  voltage 
of  the  self  sustained  discharge,  which  swans  that 
ionization  is  solely  maintained  by  the  electron 
beam.  The  switch  opens  when  the  electron  beam  Is 
turned  off.  The  switch  opening  time  Is  determined 
by  the  electron  loss  processes:  recombination  and 
attachment.  In  order  to  achieve  opening  tlsws  of 
less  than  a  microsecond  at  Initial  electron 
14  -3 

densities  n^  <  10  cm  the  dominant  loss 

process  must  be  attachment,  which  swans  that  the 
switch  gas  mixture  sust  contain  an 
electro-negative  gas.  On  the  other  hand, 

additives  of  attachers  Increase  the  power  losses 
during  conduction.  Both  low  forward  voltage  drop 
and  fast  opening  can  only  be  obtained  by  choosing 
gases  or  gas  mixtures  which  satisfy  the  following 
conditions  [1-3].' 

(1)  For  low  values  of  the  reduced  field  strength. 
E/N.  (conduction  phase)  the  gas  mixture  should 
have  a  high  drift  velocity,  v^.  and  low 
attachment  rate  coefficients,  k 

a 

(2)  For  high  E/N  values  (openlr®  phase)  the  gas 
mixture  should  have  low  drift  velocities  suid 
high  attachment  rate  coefficients 

Disc  he  txe  c  arse  ter  l»Uc» 

It  hat  been  discussed  before  that  such  ga* 
properties  cAutf  a  discharge  c^rsttrlst  it 
(current  density.  J.  versus  reduced  electric  field 
strength,  L/N )  with  a  strong  negative  differentia, 
conductivity  [  *'  Such  a  charac » r r 1  § t 1 <  l' 

equivalent  to  a  strortg  increase  of  the  d  t  sc  Sarg* 
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resistivity  with  increasing  E/N .  Gas  mixtures 
which  show  the  above  mentioned  proper ties  and  were 
recommended  for  these  application*  include 
Mixtures  of  Argon  or  CH^  and  C^Fg  or  C^Fg  [2]. 
Some  of  these  gas  alxtures  have  been  used  for 
switching  experiments  In  electron  beaa  sustained 
discharges  [5.6].  The  experiments  presented  here 
were  performed  with  mixtures  of  Argon  and  C^Fg. 

The  experimental  setup  used  for  our 
Investigations  Is  an  electron  beam  controlled 
diffuse  discharge  switch  with  an  electron  beam 
tetrode  for  multiple.  submicrosecond  pulse 
operation  [7.8].  The  discharge  Itself  is  driven 
by  a  2  0  pulse  forming  network  and  series 
resistors  are  used  to  simulate  high  impedance 


systems. 

The 


The  discharge  characteristics  were 
Investigated  with  a  2  0  system.  Figure  1  shows 
the  discharge  charaterlstlcs  for  different  nixing 
ratios  of  Argon  and  CjFg.  The  source  function  was 
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REDUCED  FIELD  STRENGTH  (E/N)/T d 


Fig  1  Current  density.  J.  versus  reduced 

electric  field  strength.  E/N.  for  an 
e-beam  sustained  discharge  in  Argon  with 
admixtures  of  C^Fg.  The  source  function 


1.3-1020  cm"3*"1. 


The  variable 


parameter  Is  the  CjFg  fraction. 
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kept  constant  at  a  value  of  S  *  1.3*10^  cm  s 
The  current  density  reaches  a  maximum  in  the  E/N 
rang*  of  2-3  Td.  depending  on  the  CjFg 

concentration  and  the  source  function.  S.  With 
further  increasing  E/N  up  to  approximately  5  Td 
the  current  density  decreases  This  decrease  of 
current  density,  corresponding  to  an  Increase  of 
resistivity  is  more  pronounced  with  increasing 
C^Fg  concentration.  caused  by  the  attachment 
properties  of  Cjfg 


Fast,  repetitive  t ranafer  of  power  from  an 
Inductive  energy  storage  device  to  a  load  requires 
detailed  considerations  of  the  circuit  elements  as 
transmission  lines.  Implying  a  high  characteristic 
Impedance  and  a  fixed  transit  time  [9].  If  the 
specific  switch  application  requires  a  burst  of 
short  pulses  with  a  high  repetition  rate  then  the 
Inductor  is  charged  only  once  and  the  total  length 
of  the  burst  of  pulses  Is  in  the  order  of  the 
discharge  time  of  the  inductor.  For  this 
operatic  node  the  inductor  can  be  treated  as  a 
high  impedance  line  and  the  closing  and  opening 
processes  have  to  follow  the  same  high  Impedance 
load  line  [3].  Figure  2  shows  the  different  load 
lines  used  and  the  experimental  discharge  results 
achieved  with  these  load  lines.  The  closing 
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REDUCED  FIELD  STRENGTH  (E/N)/Td 


Fig.  2 


Current  density.  J,  versus  reduced 
electric  field  strength.  E/N.  for  an 
e-beam  sustained  discharge  in  Argon  with 
an  admixture  of  2X  CjFg.  obtained  at 
different  times  after  e-beam  lnltation  and 
wl th  dlf ferent  loadlines. 


process  is  obstructed  even  for  operating 
conditions  for  which  the  discharge  can  reach  a  low 
loss,  low  E/N  state,  since  the  closir^  process 
starts  at  high  values  of  E/N  where  attachment  is 
strong.  For  the  2  0  system  the  steady  state 
values  are  obtained  in  less  than  100  ns.  For  the 
100  0  system  the  E/N  values  are  plotted  for  75  ns 
and  for  350  ns  after  electron  beam  initiation 
The  ionizing  electron  beaa  had  a  risetime  of 
approximately  10  ns  and  a  nearly  flat  maximum  over 
a  pulse  length  of  400  ns  [7]  Th#  source  function 
for  these  measurements  again  was 

S  ■  1  3"10^  cm  3«  '  Figure  2  demonstrates  tha- 


maw*1 
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those  low  loss,  low  E/N  operation  conditions  which 
can  bo  achieved  with  this  high  lapedance  system 
are  reached  only  after  a  long  closing  period. 
This  behavior  was  already  predicted  for 
alxtures  [3]. 

Ve.  therefore,  have  to  conclude  that  gas 
alxtures  which  cause  a  negative  differential 
conductivity  In  an  Intermediate  E/N  range  are  most 
suitable  for  diffuse  discharge  opening  switches 
only  If  the  system  Is  operated  In  a  single  shot 
mode  (recharging  of  the  Inductor  after  every 
shot).  For  a  burst  mode  (several  shots  from  a 
single  Inductor  charging),  however,  the  closing 
process  Is  obstructed  and  the  maximum  possible 
current  can  not  be  utilized. 

IR  Induced  Attachment 

Another  approach  considered  to  achieve  a  low 
forward  voltage  drop  and  a  fast  opening  time  Is  to 
control  the  attachment  externally.  Certain 
attachers  are  known  to  have  a  drastically 
Increased  attachment  cross  section  if  excited  into 
higher  lying  rotational  and  vibrational  states. 
One  way  to  excite  molecules  Into  such  states  is  to 
use  lasers  to  optically  excite  molecules  like  CF^ 
or  Nltj.  similar  to  techniques  used  In  optically 
pumped  IR  lasers  [10) .  «e ,  therefore,  performed 
experiments  In  self  sustained  and  externally 
sustained  dc  discharges.  Irradiated  with  a  chopped 
C *  002  laser. 

The  self  sustained  discharge  was  operated  in 
a  discharge  tube  (♦  »  A  mm)  with  the  two 
electrodes  In  side  arms  and  with  two  probe 
electrodes  to  swasure  the  voltage  drop  only  across 
the  positive  column.  With  this  arrangement,  only 
the  positive  column  was  irradiated.  A  large 
series  resistor  ensured  operation  at  constant 
current.  Experiments  were  performed  in  mixtures 
of  Argon  and  NH^.  IXjrlng  Irradiation  with  a  CD 2 
laser  (P20  at  10.591  pm)  the  voltage  across  the 
column  showed  a  small  Increase,  indicating  an 
Increased  resistivity. 

Figure  3  shows  the  relative  change  of  the 
discharge  resistance  under  the  influence  of  the 
CDj  laser.  The  measurements  were  performed  with 
the  current  density  as  the  variable  parameter 
since  the  discharge  voltage  was  nearly  constant 
The  value  of  E/N  at  the  stability  limit  with  low 
currents  was  approximately  50  Td  and  decreased 
with  increasing  current  by  less  than  10X  In  the 
currant  range  investigated 
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DISCHARGE  CURREKT/no*6A) 


Fig.  3  COj-laser 


Induced  relative  discharge 
resistance  change,  AR/R0.  versus  discharge 
current.  J,  In  a  self  sustained  glow 
discharge  In  a  mixture  of  57X  NRj  and  43X 
Argon.  The  variable  parameter  Is  the  gas 
pressure.  P. 


Since  the  self  sustained  discharge  does  not 
allow  independent  control  of  E/N,  we  also 
performed  experiments  In  an  external lv  sustained 
discharge,  sustained  by  Injecting  the  plasma  from 
a  flowing  hollow  cathode  discharge.  First, 
experiments  were  performed  at  constant  E/N  In  a 
buffer  gas  of  Argon  with  5X  Helium  (the  Helium  was 
used  In  the  hollow  cathode)  and  NH_j.  The 
discharge  resistance  decreased  during  laser 
Irradiation  with  the  OOg  laser  (P20  at  10.591  pm). 
The  results  for  different  NH^  concentrations  are 
shown  in  Fig.  4. 

The  increase  of  resistivity  Is  small  and 
mainly  occurs  at  high  values  of  E/N.  This 
behavior  Is  expected  since  NH^  has  a  low 
attachment  cross  section  with  its  maximum  at 
approximately  5.6  eV.  If  vibrational  excitation 
causes  an  enhancement  of  attachment,  then  the 
cross  section  will  increase  and  Its  maximum  will 
shift  to  lower  energies. 

In  recent  experiments  vlth  admixtures  of 
halogenated  hydrocarbons  (CjHFj.  CjH^F,  and 
C^H^Cl).  significantly  higher  resistance  changes 
were  achieved.  The  selection  of  the  attacher  and 
the  attacher  concentration  also  allowed  the 
adjustment  of  the  E/N  range  where  the  relative 
Increase  of  the  resistance  had  its  maximum.  With 
CjHjF.  for  example,  a  resistance  change  of  IX  was 
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•EDuCEO  FIEL3  STRENGTH  <E/K)/tTdI 

Fig.  4  CD^-laser  induced  relative  resistance 
change.  4R/Ho.  versus  E/N  in  an  externally 
sustained  dc  discharge  in  a  mixture  of 
and  a  buffer  gas  of  Argon  and  6%  Helium  at 
32  torr  total  gas  pressure.  The  variable 
parameter  is  the  X  NH_  concentration. 


observed  with  a  laser  power  of  less  than  1  W  cm 
It  should,  however,  be  mentioned  that  experiments 
with  electron  beam  sustained  discharges  containing 
other  attachers  have  to  date  failed  to  show  a 
significant  Increase  of  the  attachment  rate  after 
Irradiation  with  a  pulsed  CO^  laser  [11].  It  was 
suggested  that  electron  vibrational  excitation  and 
quenching  collisions  negate  the  selective 
excitation  with  the  laser.  A  careful  analysis  of 
all  processes  Involved  seems,  therefore,  to  be 
necessary  to  select  suitable  attachers.  buffer 
gases.  and  laser  wavelengths.  Vibrational 
excitation  into  higher  lying  states  with  larger 
photon  energies  my  have  a  better  chance  to 
generate  states  which  are  not  produced  In  the 
discharge. 
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Afrnrwtt 

Electron  beaa  controlled  diffuse  discharges  are 
promising  candidates  for  high  power  opening  switches. 
In  order  to  achieve  short  opening  tlaes  when  the 
electron  beaa  is  turned  off.  the  switch  gas  alxture  aust 
contain  an  attacher.  Both  low  forward  voltage  drop  and 
fast  opening  can  be  obtained  by  choosing  gas  alxtures 
with  a  low  attachaent  rate  coefficient,  k  .  at  low  E/N 

L  * 

and  a  high  attachment  rate  coefficient  at  high  E/N . 
Such  gas  properties  cause  a  discharge  characteristic 
(current  density.  J.  versus  reduced  electric  field 
strength.  E/N)  with  a  strong  negative  differential 
conductivity.  For  switch  applications  requiring  a  burst 
of  short  pulses,  the  Inductor  has  to  be  treated  as  a 
high  impedance  line.  Here  the  closing  process  Is 
obstructed  since  it  starts  at  high  values  of  E/N  where 
attachment  is  strong,  and  the  maximum  possible  current 
can  not  be  utilized.  Experiments  with  varying  system 
Impedances  were  performed  with  mixtures  of  argon  and 
CjFg  demonstrating  this  effect.  As  an  alternative. 

ternary  gas  mixtures  can  be  used  with  two  attachers  with 
attachment  cross  sections  at  different  electron  energies 
to  produce  a  flat  characteristic  over  a  wide  E/N  range, 
i  A  further  approach  for  improving  switch  efficiency  Is 
presented  using  Penning  additives  such  as  to 

increase  the  ionization  efficiency  of  the  electron  beam. 

Introduction 

For  many  pulsed  power  applications  weight  and 
I  volume  have  become  the  major  limiting  factors  for 
scaling  these  systems  to  higher  energies.  Inductive 
energy  storage  is.  therefore,  attractive  for  these 
applications  because  of  Its  Intrinsic  high  energy 
density  compared  to  present  capacitive  storage  systems. 
The  key  technological  problem  In  developing  inductive 
energy  discharge  systems,  especially  for  repetitive 
operation,  is  the  development  of  opening  switches. 

|  Promising  candidates  for  repetitive  opening  switches  ore 
electron  beam  or  laser  controlled  diffuse  discharges. 

An  electron  bean  controlled  diffuse  discharge 
switch  utilizes  an  electron  beam  sustained  discharge  as 
the  switch  medium.  The  voltage  across  the  switch  Is 
•lw*y»  kept  below  the  voltage  of  the  self  sustained 
discharge,  which  means  that  Ionization  Is  talntained  by 
the  electron  beam.  The  switch  opens  when  the  electron 
l  beam  is  turned  off.  The  switch  opening  time  Is 
determined  by  the  electron  loss  processes-'  recombination 
and  attachment.  In  order  to  achieve  opening  times  of 
less  than  a  microsecond  at  initial  electron  densities 

ne  *  10M  cm  the  dominant  loss  process  aust  be 

attachment,  which  swans  that  the  switch  gas  mixture  must 
contain  an  electro-negative  gas.  On  the  other  Itand. 
additives  of  attachers  Increase  the  power  losses  during 
conduction.  Both  low  forward  voltage  drop  and  fast 
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opening  can  only  be  obtained  by  choosing  gases  or  gas 
mixtures  which  satisfy  the  following  conditions  [1-3]' 

(1)  For  low  values  of  the  reduced  field  strength.  E/N. 
(conduction  phase)  the  gas  mixture  should  have  a 
high  drift  velocity,  v^.  and  a  low  attachment  rate 

coefficient,  k^. 

(2)  For  high  E/N  values  (opening  phase)  the  gas  mixture 
should  have  a  low  drift  velocity  and  a  high 
attachment  rate  coefficient. 

Discharge  Characteristics 

It  has  been  discussed  "before  that  such  gas 
properties  cause  a  discharge  charaterlstlc  (current 
density,  J.  versus  reduced  electric  field  strength.  E/N) 
with  a  strong  negative  differential  conductivity  [2.4]. 
Such  a  characteristic  Is  equivalent  to  a  strong  increase 
of  the  discharge  resistivity  with  increasing  E/N~  Cas 
alxtures  which  show  the  above  mentioned  properties  and 
were  recommended  for  these  applications  include  mixtures 
of  argon  or  CH^  and  C^Fg  or  C^Fg  [2].  Some  of  these  gas 

mixtures  have  been  used  for  switching  experiments  In 
electron  beam  sustained  discharges  [5.6].  The 
experiments  presented  here  were  performed  with  mixtures 
of  argon  and  CgFg. 

The  experimental  setup  used  for  our  Investigations 
Is  an  electron  beam  controlled  diffuse  discharge  switch 
with  an  electron  beam  tetrode  for  multiple, 
submicrosecond  pulse  operation  [7.8].  The  discharge 
Itself  is  driven  by  a  2  fl  pulse  forming  network  and 
scries  resistors  are  used  to  slswlate  high  Impedance 
systems. 

The  discharge  characteristics  were  Investigated 
with  a  2  fl  system.  Figure  1  shows  the  dlscliarge 
cliaraterlsllcs  for  different  mixing  ratios  of  argon  nnd 
CjFg.  The  source  function  was  kept  constant  at  a  value 

*V\  ^  | 

of  S  rn  1.3x10  cm  s  .  The  current  density  reaches  a 


Fig.  1  Current  density.  J.  versus  reduced  electric 
field  strength.  E/N.  for  an  e-bcam  sustained 
discharge  In  argon  with  admixtures  of  CjF^.. 
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source  function  Is  S  w  l.3"10  cm  s  The 

variable  parameter  Is  the  fraction 


In  tha  E/N  rang*  of  2-3  Td.  depending  on  tho 
"fig  concentration  ond  tho  oourea  function.  S.  With 

further  Increasing  E/M  up  to  npprnxtnately  5  Td  tho 
current  density  decreases.  This  decrease  of  current 
density,  corresponding  to  on  increase  of  resistivity  as 
sheen  in  Fig.  2.  is  aore  pronounced  with  lncreeslt*  CjFj 


the  Muclnun  of  the  current  density  indicates  the  optlaua 
operation  range  for  the  steady  state  conduction  phase 
one  can  conclude  that  the  ‘optlaua  Ar-CgFg  aixeure 

contains  approxlaately  2*  C^Fg. 

It  should  also  bo  aentionod  that  the  self  breakdown 
voltage  and  the  glow-to-erc  transition  voltage  increase 
vlth  increasing  C^Fg  concentration.  The  E/M  values  for 

the  glow-to-arc  transition  vere  8  Td.  12  Td.  IS  Td.  and 
>  20  Td  for  CgFg  concentrations  of  O.SX.  22 .  52.  and 

10X,  respectively. 


It  is  interesting  to  notice  that  a  similar 
discharge  characteristic  has  been  found  in  optically 
sustained  discharges  using  the  same  gas  mixtures. 
Figure  4  shows  the  characteristics  for  102  CjFg  in  argon 

in  an  electron  beam  sustained  discharge  with  a  source 
20  “3  —  1 

function  of  S  *  1 . 3“  1 0  cm  s-  and  for  an  optically 

sustained  discharge  with  a  source  function  of 
19  -3  -1 

S  ■  1.6*10  cm  s  In  the  case  of  the  optically 


REDUCED  FIELD  STRENGTH  (E/N)/Td 


Fig.  2  Resistivity,  p.  versus  reduced  electric  field 
strength.  E/M.  for  on  e-beam  sustained  discharge 
in  argon  with  admixtures  of  CjFg.  The  source 


function  is  S  *  1.3*10^  cm  3  s 
parameter  is  the  CjFg  fraction. 


The  variable 


concentration.  It  is  mainly  caused  by  the  attachment 
properties  of  C^Fg  and  not  by  the  E/N  dependence  of  the 

drift  velocity.  Also,  mixtures  of  argon  and  nitrogen 
have  a  drift  velocity  with  a  maximum  at  low  values  of 
E/M.  however,  these  mixtures  did  not  show  a  negative 
differential  conductivity,  as  shown  in  Fig.  3.  The 


tu  10 


0  5  10  IS 

REDUCE0  FIELD  STRENGTH  (E/N) /Td 

Fig.  3  Current  density.  J.  versus  reduced  electric 
field  strength,  E/M.  for  an  e-beam  sustained 
discharge  in  argon  with  an  admixture  of  52  K_. 


The  source  function  Is  S 


1.3-1020  cm'3  s' 


drift  velocity,  however.  seems  to  Influence  the 

msgnitude  of  the  current  maximum  at  low  C„F, 

2  o 

concentrations  since  the  characteristic  for  0.52  C»F, 

2  o 

shows  a  lower  maximum  current  than  for  22  C_F, .  Since 

2  o 


^E-BEAM  SUSTAINED  S  =  1.3*10M  cm  5  s  ’ 


UV  SUSTAINED  S  =  1.6*10”  cm1  S'1 


0  S  TO  IS  20  25  30  35  40 

REDUCED  FIELD  STRENGTH  (E/N)/Td 

Fig.  4  Current  density.  J.  versus  reduced  electric 
field  strength.  E/M.  for  an  e-beam  sustained 
discharge  and  for  a  UV  sustained  discharge  in 
argon  with  an  admixture  of  102  CjFg. 

sustained  discharge  approximately  350  ppm 

dlmethylanl  1  tne  was  used  as  an  additive  vlth  a  low 
Ionization  potential.  One  would  expect  the  onset  of  the 
negative  differential  conductivity  \o  be  more  pronounced 
if  the  source  function  decreases  since  the  Influence  of 
recombination  is  reduced  [3].  According  to  Fig.  4  the 
opposite  Is  found.  A  significant  difference  between  the 
two  Ionization  sources  Is  that  the  average  energy  of  the 
electrons  produced  by  the  UV  source  is  very  low 
(<<  1  eV)  while  the  electrons  produced  by  thc_  electron 
beam  have  an  average  energy  in  the  order  of  several  eV. 
This  effect.  In  combination  with  attaching  gases,  may 
have  a  significant  effect  on  the  electron  energy 
distribution  function  and  consequently  on  the  onset  of 
attachment  with  Increasing  E/M  (9].  Also,  the  oddltlvc 
of  d  1  me  thy  lanl )  Inc  may  contribute  to  a  cltange  of  the 
electron  energy  distribution. 

Interaction  of  Discharge  and  Circuit 


Fast.  repetitive  transfer  of  power  from  an 
inductive  energy  storage  device  to  a  load  requires 
detailed  considerations  of  the  circuit  elements  as 
transmission  lines.  Implying  a  high  characteristic 
Impedance  and  a  fixed  transit  time [10). 
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It  tbs  ■pacific  switch  application  require*  a  burst 
•f  short  pulses  with  a  high  repetition  rate  then  the 
Inductor  Is  charged  only  once  and  the  total  length  of 
Che  burst  of  pulse*  Is  in  the  order  of  the  discharge 
tine  of  the  Inductor.  For  this  operating  node  the 
Inductor  can  he  treated  as  a  high  lapedance  line  and  the 
closing  and  opening  processes  have  to  follow  the  sssm 
high  lapedance  load  line  [3].  Figure  5  shows  the 
different  load  lines  used  and  the  experimental  discharge 
results  achieved  with  these  load  lines.  It  bee  ones 
obvious  that  the  current  aaxlaua  can  not  be  utilized 
with  a  high  lapedance  systea  In  the  repetitive  node. 
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Fig.  S  Loadlines  and  current  density.  J.  versus  reduced 
electric  field  strength.  E/N.  for  an  e-bean 
sustained  discharge  in  argon  with  an  admixture 
of  2X  C^Fg.  obtained  with  different  loadllnes. 


The  closing  process  la  obstructed  even  for 
operating  conditions  for  which  the  discharge  can  reach  a 
low  loss,  low  E/N  state,  since  the  closing  process 
starts  at  high  values  of  E/N  where  attachment  is  strong. 
This  behavior  Is  demonstrated  In  Fig.  6.  The 
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2  OHM  LOAD  AT  75  ns:o 
( 100  OHM  LOAD  AT  75  ns:* 

1 100  OHM  LOAD  AT  350  ns.o 
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characteristics  a  ensured  with  a  2  0  systea  and  a  100  0 
systea  are  shown.'  For  the  2  (  systea  the  steady  state 
value*  are  obtained  In  less  than  100  ns.  For  the  100-0 
systea  the  E/M  values  are  plotted  for  75  ns  and  for 
350  ns  after  electron  been  initiation.  The  ionizing 
electron  beam  had  a  risetime  of  approximately  10  ns  and 
a  nearly  flat  maximum  over  a  pulse  length  of  400  ns  [7], 
The  source  function  for  these  measurements  again  was 

20  —3  ml 

S  •  1 .3*<  10  cm  s  Figure  6  demonstrates  that  those 
low  lose,  low  E/M  operating  conditions  which  can  be 
achieved  with  this  high  lapedance  systea  are  reached 
only  after  a  long  closing  period.  This  behavior  was 


already  predicted  for  KjiHjO  alxtures  [3]. 


Te.  therefore,  have  to  conclude  that  gat  alxtures 
which  cause  a  negative  differential  conductivity  in  an 
interaedlate  E/N  range  are  aost  suitable  for  diffuse 
discharge  opening  switches  only  if  the  system  Is 
operated  in  a  single  shot  node  (recharging  of  the 
Inductor  after  every  shot).  For  a  burst  mode  (several 
shots  from  a  single  Inductor  charging),  however,  the 
closing  process  Is  obstructed  and  the  maximum  possible 
current  can  not  be  utilized. 


For  fast  repetitive  operation  a  discharge 
characteristic  it  required  where  the  current  rises 
strongly  with  E/N  up  to  the  operating  point  of  the 
discharge  In  the  closed  phase.  Above  this  E/N  value  the 
current  should  stay  constant  or  decrease  slowly  with  E/N 
over  a  wide  E/N  range  to  assure  a  high  self  breakdown 
voltage.  Ternary  gas  mixtures  can  be  used  with  (wo 
attachers,  with  attaclimcnt  cross  sections  at  different 
electron  energies.  to  produce  such  e  flat 
characterlsitlc  over  a  wide  E/N  range  and  to  achieve  the 
same  Increase  of  resistivity.  The  differences  In  the 
magnitudes  of  the  cross  sections  have  to  be  compensated 
by  using  appropriate  concentrations  of  the  different  gas 
components.  The  results  wlth-a  mixture  of  49X  argon. 


49X  CF^.  and  2X  CjFg.  as  an  example,  are  shown  In 


Fig.  7.  The  discharge  characteristic  demonstrates  that 
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CXirrent  density.  J,  versus  reduced  electric 
field  strength.  E/N.  for  an  e-beam  sustained 
dlsclvargc  In  a  mlwture  of  491  ergon  491  CT 


a  c2rG 


Fig.  6  Current  density.  J,  versus  reduced  electric 
field  strength.  E/N,  for  an  e-bean  sustained 
discharge  in  argon  with  an  admixture  of  22  C^F^. 

obtained  at  different  times  after  e-beam 
fnltatlon  and  with  different  loadllnes. 


a  flot  portion  over  a  wide  E/N  range  1%  possible 
(2.5  -10  Td)  Above  10  Td  the  current  density  drcre:ite* 
again,  ensuring  high  electron  losses  during  »•!  t«  1 
opening  The  maximum  current  dentiiy  achieve  '  t* 

approximately  the  same  ai  for  Ar  a/rd  C,f 


'-•V»  .-a  -*  -*  -*  ieAdmAd — 


r  ~~yr 


,  experiments  with  the  mm  electron  been  current  (see 
Fig.  1).  It  should  however  be  mentioned  that  due  to  the 
different  values  of  stopping  powers,  the  source  function 
was  four  tines  higher  In  Ar-CF  statures  than  In  Ar. 


The  source  function.  S.  of  an  electron  bean  as  the 
external  Ionisation  source  Is  Inversely  proportional  to 
t  the  so  colled  V-value.  ¥  .  which  is  the  average  energy 

required  to  produce  one  electron-ion  pair: 


S  -  (dl/daJJ^tetj)* 


where  d¥/dx  Is  the  spatial  rate  of  electron  beaa  energy 


loss  in  the  gas  and  J 


Is  the  electron  bean  current 


characteristics.  swasured  with  the  sase  energy 
deposition  of  the  electron t. beaa  Into  the_  gas^  - 
demonstrate  a  significant  Increase  of  the  current 
density  If  the  Penning  additive  was  used.  — 

for  the  evalMtlon  of  the  f-value  we  concentrated 
on  the  recombination  don lasted  regime  between  1  Td  and 
3  Td.  Here  the  rate  equation  for  the  electron  density  . 

n  .  becomes: 
e 


density.  This  V-value  Is  usually  In  the  order  of  twice 

the  Ionization  energy  of  the  gas.  which  means  that 

approx lwmte I y  half  of  the  energy,  transferred,  from  the 
electron  beam  Into  the  gas  Is  converted  Into  excitation. 
This  excitation  energy  has  to  be  considered  as  a  loss 
for  devices  which  only  utilize  free  electrons,  such  os 
diffuse  discharges,  for  switches.  It  has  been  suggested 
^  that  a  fraction  of  this  excitation  energy  can  be 
recovered  for  Ionization  by  using  Penning  additives 
[11],  Measurements  In  gas  mixtures  of  argon  and  C^Fg. 

for  example,  showed  a  significant  decrease  of  the 

V-value  If  small  admixtures  (OX  to  —  10X)  of.  for 
l  example,  were  used.  These  experiments  were 

}  perforated  In  an  ionization  chamber  with  an  alpha  source 
ktt  i  very  low  aource  function. 

To  Investigate  the  applicability  of  these 
measurement*  for  opening  switches  we  performed  electron 
beam  sustained  discharge  experiments  using  the  same  gas 
mixtures.  In  Fig  8.  curves  a  and  b  show  a  comparison 
of  the  steady  state  discharge  characteristics  for  argon 
♦  2X  CjFg  and  for  (argon  ♦  2X  C^Fg)  ♦  5X  C^H^-  The  two 


dn  /dt 

e 


S  -  krne‘ 


with  k  being  the  recombination  rate  coefficient.  With 

the  additional  equation  for  the  discharge  current 

density.  Jd: 

J  «  n  ep  E  (3) 

d  e  e 

with  being  the  electron  soblljiy  and  E  the  electric 

field  intensity,  using  Eq  (1)  we  get  a  relation  for 
J(£/N)  with  the  V-value  as  a  parameter: 

j  .  ((e(dW/dx)Jeb)/Vr)I/2peM(V1)'1/?(E^)  (<•) 

In  the  E/N  range  considered.  1-3  Td.  the  electron 
mobility,  p  .  of  argon  with  2X  CjFg  can  be  considered  to 

be  constant  [12].  Neglecting  the  E/N  dependence  of  the 
recombination  rate  coefficient.  kf .  »e  get  from 

£q  (d): 

dJd/d(E/N)  a  (Vt)",/2  (5) 

Comparison  of  two  neasurements.  one  without  the  Penning 
additive  and  one  with  nX  allows  the  evaluation  of 

the  value.  of  the  mixture  with  nX  C,^: 


(dJd/d(E/T<))/ 

(dJd/d(E/N))n2 


a  \  a  b 

A  A  ^ 
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fig  6  Our  rent  density  J  vers os  reduced  electric 

field  g  t  r  e  t  h  fy>.  for  an  e - beam  tustalned 

j  d  1  *r  k*a  r  ge  In  iffon  with  2X  ^  ^h*  gource 

j  function  It  S  *  1  3"  10  cm  *  Wl^ere  (a) 

Nam  no  Penning  additive  and  (b)  ha*  SX 


W  Is  the  V-value  without  the  Penning  additive.  The 

results  of  this  evolution  using  the  known  value 
Wp  *  27  eV  for  argon  plus  2X  C^F^  [Hj  ®re  plotted  In 

Fig.  9  and  compared  with  the  previous  measurements. 
Figure  9  demonstrates  that  In  both  experiments  a 
dependence  of  the  W-valuc  on  the  percentage  of  C2H2  *** 

observed  in  the  range  from  OX  to  Si  C^l^*  ^  should  be 

mentioned  .  however,  that  the  error  In  our  measuremenv 
Is  In  the  order  of  5X  due  to  the  reproducibility  of  the 
discharge  experiments. 

A  comparison  of  curves  a  and  b  In  Fig.  8  also  shows 
a  significant  Increase  of  the  discharge  currcn c^dens 1 ty 
in  the  attachment  dominated  regime  above  5  Td  when  the 
Penning  additive  was  used.  A  similar  analysis  in  this 
E/N  regime  to  evaluate  the  V-value  has  failed  to  give 
any  reasonable  results.  Wc  therefore  conclude  that  the 
Penning  additive  interferes  with  the  attachment  related 
processes.  Further  investigations  are  necessary  to 

explain  tills  bclxsvtor. 
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PERCENTAGE  OF  C2H2  in  ternary  CAS  MIXTURE 

Fig.  9  W- values  In  argon  ♦  2X  C^Fg  ♦  vertui  the 

concentration  of  the  admixture  of  the  Penning 
additive. 


This  work  wax  Jointly  supported  by  the  Air  Force 
Office  of  Scientific  Research  under  contract  AFOSR 
84-0032.  the  Army  Research  Office,  and  the  National 
Science  Foundation. 


[1]  K.  H.  Schoenhach,  C.  Schaefer.  M.  Kristiansen.  L. 
L.  Hatfield,  and  A.  H.  Cuenther,  "Concepts  for 
Optical  Control  of  Diffuse  Discharge  Opening 
Switches.."  IEEE  Trans.  Plasma  Set..  Vol.  PS-10. 
1962.  pp  246-2S1. 


L.  L.  Chris tophorou.  S.  K.  lUfUr,  J.  A.  Carter, 
su'd  R.  A.  Mathis.  “Cases  for  Possible  Use  In 
Diffuse  Discharge  Switches.*'  Appt.  Phy».  Lett. 
Vol.  41.  1982,  pp.  147-149. 

C.  Schaefer.  K.  H.  Schoenfaach.  H.  Krompholz.  M. 
Kristiansen,  and  A.  H.  Cuenther.  "The  Use  of 
Attachers  in  Electron  Bean  Sustained  Discharge 
Switches  -  Theoretical  Consideratl  on."  Later  and 
Particle  Beans.  Vol.  2.  1984.  pp.  273-291. 

A.  D.  Barkalov  and  C.  C.  Cladush.  “Domnin 
Instability  of  a  Non-Self -Sustaining  Discharge  In 
Electronegative  Cases."  Translated  From  Teploftzlha 
Vysohthh  Tempera lur.  Vol.  20.  1982.  pp.  19-24. 

P.  Bletzlnger,  “Scaling  of  Electron  Beam  Switches.- 
Proc.  bth  IEEE  Pulsed  Power  Conf..  Albuquerque.  KM 
1983.  pp.  37-40. 

R.  J.  Cosalsso.  R.  F.  Fernsler.  V.  E.  Scherrer.  and 

I.  M.  Vitkovltsky.  “Application  of  Electron  Beam 
Controlled  Diffuse  Discharges  to  Fast  Switching." 
Proc.  Itth  IEEE  Pulsed  Power  Conf..  Albuquerque.  KM 
19S3.  pp. 87-90. 

H.  C.  Harjes.  K.  II.  Schoenhach .  C.  Schaefer.  M 
Kristiansen.  II.  Krompholz.  and  D  Slcaggs.  "An 
Electron  Bean  Tetrode  for  Multiple.  Subnlcrosccond 
Pulse  Operation.  "  Reu.  Set.  Instr..  Vol.  S5.  19S4. 
pp.  1684-1686. 

K.  H.  Schoenhach.  C.  Schaefer.  M.  Krlstlansam.  II 
Krompholz,  H.  C.  Harjes.  and  D.  Skaggs.  "An 
Electron-Bean  Controlled  Diffuse  Discharge  Switch." 

J.  Appl .  Phys..  Vol.  57.  1985.  pp.  1618-1622. 

C.  Schaefer  and  K.  H.  Shoenboch.  "External  Control 
of  Diffuse  Dltcliarge  Switches."  Proc.  5th  IEEE 
Pulsed  Power  Conf.,  Arlington.  VA  19S5.  pp. 
644-647. 

K.  Kristiansen.  “Fundamentals  of  Inductive  Energy 
Storage. “  Proc.  A R0  Workshop  on  Repetltlue  Open Inj 
S»l  tches  ,edl  ted  by  M.  Kristiansen  and  K.  II. 
Schoenbach.  Tamarron,  CO  1991 . (DTIC  NO.  AD-AI1070) 
K.  Nakanlshl,  L.  C.  Chr is tophorou.  J.  C.  Carter, 
and  S.  R.  Hunter.  “Penning  Ionization  Ternary  Ca* 
Mixtures  for  Diffuse  Discharge  Switching 
Applications."  J.  Appl.  Phys.,  Vol.  58.  1985.  pp. 
633-641. 

S.  R.  Hunter.  J.  C.  Carter.  L.  C.  Chr  Is  tophorou. 
and  V.  K.  Lakdawala.  "Transport  Properties  and 
Dielectric  Strengths  of  Cas  Mixtures  for  use  In 
Diffuse  Discharge  Opening  Switches".  Caseous 
Dielectrics  IV. edited  by  L.  C.  Chrlstoophorou  and 

M.  0.  Pace.  Pcrgamon  Press.  1984.  pp.  224-237. 


To  be  presented  at  the  6th  Pulsed  Power  Conf  .  Arlington  VA.  June  hf 


METHANE  -  ATT  ACHER  MIXTURES  IN  AN  EUICTRON  BEAM  ODNTROl  1  El » 

DIFFUSE  DISCHARGE  OPENING  SWITCH 

U  M4C  |KI 

G  Schaefer  .  R  A  Korzekwa  and  N  Kris'  lanser. 

*  Weber  Research  Institute.  Polytechnic  University 
Farmingda  1  e  .  NY  11716-1996 
**•  Dept  of  Electrical  Engineering  Texas  Tech  Univ 
Lubbock.  TX  79409- 44 19 

For  a  diffuse  discharge  opening  switch  a  gas  mixture  containing  u 
attaching  gas  has  to  be  used  in  order  to  reduce  the  electron  number 
density  rapidly  when  the  switch  opens  at  an  increasing  value  of  I /A 
During  the  low  E/N  conduction  state  the  attachment  rn>  should  be  ,<>*■ 
Gas  Mixtures  containing  argon  or  methane  (fH^)  and  'tie  at  tat  he:  s 
Freon  116  (C-E.)  and  Freoi  14  (CF  )  have  beeri  suggested  [1’  Previous 
experiments  show  that  gas  n  vture*  of  argon  with  the  above  mer<  t  i  or»e<: 
attachers  have  the  inherent  problem  of  a  low  dr  E/N  breakdown  lim;'  at.*' 
an  even  lower  glow-to-arc  transition  E/T  limit  [2]  Methane  based 

mixtures  were  investigated  in  an  attempt  to  eliminate  these  proh.of. 

The  steady  state  current  density.  J  versus  redu<  ed  e,er  tru  fie,.' 
strength.  E/N.  characteristic*  for  combinations  of  gas  mixtures  cor. 
taining  methane  and  one  attaching  gas  are  shown  in  fig  1  and  Fig  2 
Figure  1  shows  the  curve  for  10OX  methane  which  has  a  high  current 
density  maximum  but  at  a  rather  high,  value  of  F  /N  wf,i  it.  s  i  gr.  i  f  i  c  ar ,  •  .  . 
increases  the  power  losses  The  other  curve  shown  in  Fig  1  is  for 

96X  methane  ♦  2X  Freon  116  The  addition  of  Freon  )]*■  greatly  dei  rr.iu 

the  maximum  current  density  but  the  maximum  is  also  shifted  to  a 
value  of  E/N  which  helps  to  reduce  power  losses  in  the  twitch 

In  Fig  2.  the  J-L/N  characteristics  of  mixtures  of  mettiane  and 
Freon  14  are  compared  Again  the  addition  of  F reor.  14  greatly  redui es 
the  current  density  tnn_x  l  mum  In  the  low  E/N  range  both  VI  me'hane  ♦ 
50X  Freon  14  and  1CXA  F  reor.  14  are  essentially  t  fie  same  Aga  l  n  the 
current  density  maximum  is  shifted  to  a  lower  F./N  region  through  'fa- 
addition  of  the  attacher 

Gas  mixtures  using  two  a  1 1 ocher  s  allow  t  hr  J  F /N  <  tia  r  a<  ’ e  r  i  s •  .  <  s  • 
be  shaped  over  a  wide  F./N  range  Figure  i  shows  t  fie  .)  F /N  ctiarai  >er 
istlcs  for  mixtures  of  equal  fractions  of  me'hnne  arid  Frror,  14  ».'• 
varying  Freon  116  fractions  The  best  mixture  for  opening  %w;»t: 
operation  Is  the  mixture  with  2X  F  reori  116  s  1  nr  e  the  cut  ret,'  dens  i  t  •, 
maximum  is  the  highest  arid  at  tfie  lowest  value  of  F./N 

In  conclusion  we  find  tfiat  the  J  F /N  <  iiarac  ter  l  st  it  s  of  me't,ar» 
based  mixtures  containing  attar  her*  can  be  shaped  to  fulfill  t  tie 
requirements  for  a  good  switch  gas  I  tie  mettiane  tmsed  mixtures  a.  s<- 

have  a  much  greater  dc  E/N  breakdown  limit  than  argot,  txised  mix’  ,-es 
which  Increases  the  voltage  operation  range 

This  work  was  jointly  supporter!  by  AitNK/AKo 
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Fig  1  Current  density.  J,  versus  reduced  electric  field  strength.  E/N 
for  an  e-beam  sustained  discharge  in  OH.  with  admixtures  of  CnF 
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fin  2  Current  density,  J.  versus  reduced  electric  field  strength.  E/> 
for  an  e  beam  sustained  discharge  in  CH.-CF  mixtures 
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Fig  3  Current  density.  J,  versus  reduced  electric  field  strength.  E/N 

for  an  e-benm  sustained  discharge  in  mixtures  with  equal 

percentages  of  Ql .  and  CF , .  and  C„F-. . 
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The  key  technological  problem  in  devel¬ 
oping  inductive  energy  discharge  systems  is 
the  development  of  opening  switches  [1] 
Promising  candidates  are  electron  beam  sus¬ 
tained  diffuse  discharges  [2].  The  switch 
opens  when  the  electron  beam  is  turned  off. 
In  order  to  achieve  short  opening  times,  the 
dominant  loss  process  must  be  attachment. 
Both  . o  *  forward  voltage  drop  and  fast 
oper.  .ng  car.  only  be  obtained  by  choosing 
gases  or  gas  mixtures  which  satisfy  the  fol¬ 
lowing  conditions 

(1)  For  iow  values  of  the  reduced  field 
strength.  E/N  (conduction  phase).  the  gas 


It  has  also  been  shown  that  the  addition 


of  a  small  percentage  of  N^  to  argon  in¬ 


creases  the  drift  velocity  at  low  values  of 
E/N  [6].  This  effect  is  based  on  the  fact 
that  at  low  E/N.  vibrational  excitation  of 
keeps  the  electron  energy  distribution  within 
the  Ramsauer  minimum  of  the  elastic  scat¬ 
tering  cross  section  of  argon  It  was 

therefore  suggested  to  use  mixtures  of  argon 


rlth  both  admixtures  of  attachers  and  N  ^  to 


improve  the  performance  of  the  switch  [7] 
The  following  results  demonstrate  the 
influence  of  these  admixtures  on  the  dis¬ 
charge  cha r oc t e r 1 s t  1  c s 
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»een  In  Fig 
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characteristic  that  fulfills  the  r  eq  u  1  r  e  me  n  t  s 


Such  gat  properties  cause  a  discharge 

characteristic  (current  density  J  versus 
reduced  e.ectric  f.eld  strength  E/N)  with  a 
it  rc'.g  negative  differentia!  conductivity 

C  N  L  C  ) 

Argor.  based  gas  mixtures  containing 


tor  an  opening  switch 


The  N  DC 


regior. 


it  or  nr  rv  s  u  c  h  as  C F  -  and  CF  „  have  been 
2  0  4 


Suggested  as  switch  gases  which  fulfill  the 
above  mentioned  requl  remen  is  [3.5^  At. 

inductive  er.rrgv  storage  system  has  u  high 
characteristic  impedance  and  requires  a  J-L/N 
characteristic  with  a  small  (NDC)  region  in 
order  to  avoid  the  obstruction  of  the  closing 
process  1  r.  a  repetitive  opening  switch  [5] 
Such  a  J  -E/N  characteristic  would  have  a  high 
current  density  at  a  low  E/N  and  a  slowly 
decreasing  current  density  with  Increasing 
E/N  thereafter  Cas  mixtures  of  argon  and 

two  attaching  gases  with  attachment  cross 
sections  at  differert  electron  energies  have 
been  used  to  produce  such  J-L/N  character¬ 
istics 
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1  Current  density.  J.  versus  reduced 
electric  field  strength,  E/N.  for  an 
electron  beam  sustained  discharge  In 


mixtures  of  Ar  .  C  ~  F  .  .  and  N  , 
2C  * 


produced  by  the  onset  of  attachment  at  op" 
proximo  tel >  2-3  Td  Figure  1  also  shows  the 

J  -  F.  /  N  characteristic  for  Ar  ♦  91  N0  w  h.  i  c  h 

confirms  that  the  NDC  In  '.he  Ar  ♦  2X  C ,,  F  , 


alxture  Is  Indeed  due  to  the  onset  of  ti¬ 
tle  heen t .  The  decrease  of  the  slope  of  this 
curve  above  1  Td  indicates  that  the  electron 
mobility  has  a  higher  value  below  1  Td. 
Next,  experiaents  were  perforaed  with  a  gas 
alxture  of  Ar  ♦  2X  C 2Fg  ♦  5X  N2-  The  J-E/N 
characteristic  has  essentially  the  saae  shape 
as  the  characteristic  of  Ar  ♦  2X  CjFg ; 
however,  the  current  density.  J.  is  signif¬ 
icantly  higher  for  all  values  of  E/N.  These 
results  deaonstrate  that  both  properties, 
attachaent  rate  coefficient  and  drift  veloc¬ 
ity.  can  be  optimized  through  different  gat 
addl t 1 ves . 

Argon  bated  alxtures  with  two  attachers. 
which  are  useful  In  a  high  lapedance  Induc¬ 
tive  energy  storage  systea.  and  the  Influence 
of  In  these  alxtures  were  also  Investi¬ 
gated.  The  discharge  characteristic  for  a 
alxture  containing  Ar  ♦  2X  CjFg  ♦  20X  CF^ 


Fig.  2  Current  density.  J.  versus  reduced 
electric  field  strength.  E/N.  for  an 
electron  beaa  sustained  discharge  In 
alxtures  of  Ar.  CF^ .  CjFg.  and  Nj 

Again  we  see  that  the  shape  of  the  curve  Is 
essentially  unchanged  but  the  current  density 


Fig.  3  Current  density.  J.  versus  reduced 
electric  field  strength.  E/N.  for  an 
electron  beaa  sustained  discharge  In 
alxtures  of  the  saae  fraction  of  Ar 
and  CF^.  with  CjFg  and  Nj. 

the  drift  velocity  as  known  In  alxtures  of 
just  argon  and  Nj • 

Conclusions 

Cas  alxtures  containing  argon  as  a 
buffer  gas  and  an  attacher,  such  as  CjF^. 
and/or  CF^.  ora  useful  In  diffuse  discharge 
opening  switches.  An  addition  of  a  saall 
percentage  of  Nj  Increases  the  current  den¬ 
sity  In  alxtures  with  high  percentages  of 
argon.  This  effect  is  considered  to  be  the 
consequence  of  Increased  electron  drift 
velocity.  The  Increase  In  current  density  at 
the  operating  point  of  the  switch,  high  J  at 
low  E/N.  reduces  power  losses  In  the  switch 
which  Is  an  laportant  factor  In  a  practical 
opening  switch 


This  work  was  supported  by  NSF  under 
contract  ECS-8316122  and  by  AFOSR/ARO  under 
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Increases  when  Nj  Is  added 


The  relative 
current  density  Increase  however.  Is  soaller 
than  In  the  case  of  the  alxture  of  Ar  « 
2X  C_F,.  as  shown  In  Fig  1.  The  discharge 

*  D 

characteristic  for  a  alxture  containing  argon 


and  CF^  at  equal  concentrations.  2X  CjFg.  and 
OX  or  5X  N 
In  Fig  3 


OX  or  5X  Nj  was  also  Investigated,  as  shown 


show  that  the  addition  of  Nj  Inci 


The  discharge  characteristics 

es  the 

current  density  only  In  the  E/N  range  below 
1  Td.  The  aaxlaua  current  density  reaains 
nearly  the  saae. 

The  effect  of  Nj  decreases  with  de¬ 
creasing  argon  concentration  In  the  buffer 
gas.  This  result  indicates  that  the  Influ¬ 


ence  of  Nj  Is  In  fact  due  to  the  Increase  of 
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ABSTRACT 

Electron  beam  controlled  diffuse  discharges  are  promising  candidates  for  high 
power  opening  switches  In  Inductive  energy  storage  circuits.  In  order  to  achieve 
short  opening  times  when  the  electron  beam  is  turned  off.  the  switch  gas  mixture 


must  contain  an  attacher.  Ternary  gas 
mixture  consisting  of  a  buffer  gas  and 
switch  efficiency  through  optimization 
electron  beam.  The  Penning  additive, 
voltage  of  the  gas  mixture.  This  paper 
ef  fects . 


KEYWORDS 

Opening  switch;  high  pressure  diffuse 
properties;  Penning  Ionization. 


mixtures  using  a  Penning  additive  in  a 
an  electron  attacher  can  increase  the 
of  the  Ionization  efficiency  of  the 
however,  also  decreases  the  breakdown 
presents  experlsients  demonstrating  these 


discharge,  electron  beam  control,  gas 


INTRODUCTION 

Electron  beam  controlled  diffuse  discharges  are  promising  candidates  for  high 
power  opening  switches.  In  order  to  achieve  short  opening  times  when  the  electron 
beam  Is  turned  off.  the  gas  mixture  must  contain  an  attacher.  Both  low  forward 
voltage  drop  and  fast  opening  can  be  obtained  by  choosing  gas  mixtures  with  a  low 
attachment  rate  coefficient  and  a  high  electron  drift  velocity  at  low  E/N,  and  a 
high  attachment  rate  coefficient  and  a  low  drift  velocity  at  high  E/N.  The 
optimization  of  gas  mixtures  with  respect  to  these  properties  has  been  described 
In  many  previous  papers.  A  review  is  given  by  Schaefer  and  Schoenbach.  I960  A 
further  improvement  of  the  switch  efficiency  by  using  Penning  additives  was  first 
propsed  by  Nakanlshl  and  others  In  1965  The  Ionization  efficiency  of  an  electron 
beam  Is  determined  by  the  W-value  of  the  switch  gas.  W  is  the  average  energy 
required  to  produce  one  electron-ion  pair  During  the  energy  deposition  of  the 
electron  beam  In  the  gas.  approximately  half  of  the  energy  absorbed  Is  converted 
Into  excitation.  The  W-value  is.  therefore,  usually  in  the  order  of  twice  the 
ionization  energy  of  the  gas  The  excitation  energy  has  to  be  considered  a  loss 


.v; 


TO 


for  devices  which  utilize  only  free  electrons  for  conduction  Perming  Ionization 
can  be  used  to  recover  part  of  (hit  energy  by  introducing  a  small  aisount  of  gat 
with  a  low  Ionization  energy  which  Is  lower  than  the  energy  of  the  doalnant 
excited  states  present  In  the  discharge 

Recent  papers  (Nakanlthl  and  others.  1 066  Reinking  and  others.  1966)  demonstrates 
that  a  decrease  In  the  V-value  of  the  gat  occurs  In  mixtures  of  argon  and  an  elec* 
tron  attacher  such  as  freon  M  { CF  )  and  freon  116  (C_F,).  •***'  acetylene 
as  the  Penn I r^  additive  Gas  mixtures  of  Just  argon  and  freon  116  have  elrSeZy 
proven  to  be  suitable  switch  gates  for  specific  sx>des  of  operation  (Schaefer  and 
others. 1966)  Ve  therefore  performed  experiments  with  Penning  ionization  ternary 
gas  mixtures  uslr^  the  electron  beam  sustained  diffuse  discharge  expertsmnt 
described  previously  (Schoenbach  and  others.  1965)  These  experiments  provide 
Information  as  to  whether  the  behavior  of  the  gas  discharge  Is  Influenced  by  the 
additive  of  acetylene  only  through  the  change  of  the  W-value  or  also  by  other 
properties  of  the  additive 


DISCHARGE  CHARACTERISTICS 

A  first  Insight  Into  the  specific  properties  of  a  gas  mixture  used  In  a  diffuse 
discharge  switch  is  given  by  Investigating  the  steady  state  discharge  characteris¬ 
tic  All  experlsaents  were  perforsied  with  a  mixture  of  96X  argon  and  2X  freon  116 
and  acetylene  as  the  Penning  admixture  with  varying  concentrations  Figure  1 
shows  as  an  example  two  J-E/N  curves,  one  without  acetylene  and  one  with 
5*  acetylene  The  general  shape  of  the  curve  without  acetylene  Is  mainly  a  result 
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Fig  1  Current  density.  J.  versus  reduced  electric  field 
strength.  E/?< .  for  an  e-beam  sustained  dlscliarge 
In  96*  argon,  7X  freon  116.  and  a  varying 
admixture  of  acetylene  The  variable  parameter  Is 
the  acetylene  fraction 


if  the  attachment  properties  of  this  gas  mixture.  The  attachment  coefficient  has 
i  threshold  at  approximately  2  5  Td  and  increases  with  E/N  (Hunter  and  others. 
964).  Below  20  Td  the  discharge  Is  recombination  dominated  and  J  Increases  with 
1/N  Tha  onset  of  attachment  generates  a  negative  differential  conductivity  above 


2  5  Td  and  the  discharge  becomes  attachment  doalnated  The  addition  of  acetylene 
clearly  Increase*  the  current  density,  and  this  effect  seems  to  be  larger  In  the 
attachaient  doalnated  regime 


DISCHARGE  ANALYSIS 

To  evaluate  the  Influence  of  the  Penning  additive  on  the  discharge  character¬ 
istics.  we  have  to  evaluate  the  conduction  properties  of  the  discharge.  The 
current  density  of  the  electron  beaa  sustained  discharge.  J.  depends  on  the 
electron  maaber  density,  n^.  and  the  aoblllty.  ng.  according  to 

J  «  en^p^E  .  ( 1 ) 

■here  both  n  and  p  are  functions  of  E/N,  and  -e  is  the  charge  of  an  electron 
The  rate  equStlon  fSr  the  electron  nuaber  density,  n^ .  is 

dn  /dt  «  S  ♦  k,n  N  -  k  n  n  -k  n  N  (2) 

e  te  r  e  ♦  a  e  a 

■here  S  1*  the  electron  besus  source  function,  k  Is  the  Ionization  rata  coef¬ 
ficient  ,  k  Is  the  recombination  rat*  coefficient,  k  is  the  attachaient  rate 

coefficient  n  Is  the  positive  Ion  density.  N  Is  the  Aiai  number  density,  and 
Is  the  attache?  nuaber  density.  For  externally  sustained  discharges.  Ionization 
through  the  discharge  electrons  can  be  neglected  ( k ^  —0 ) .  The  source  function.  S. 
for  the  electron  beaa  Is  given  by 

S  -  J  . <de/dx>/e*  .  (3) 

eb 

■here  J  .  Is  the  electron  beaa  current  density.  <dt/dx>  Is  the  average  electron 
beam  energy  absorbed  per  unit  length,  and  *  Is  the  average  energy  needed  to  create 
on*  electron-ion  pair  In  the  gas. 

It  Is  convenient  to  analyze  those  regions  of  the  steady  state  discharge  charac¬ 
teristic  separately  In  »hlch  only  one  electron  depletion  aechanlsa  dominates, 
recombination  or  attachment.  In  the  closed  phase  (low  E/N)  of  the  switch  the 
discharge  is  recombination  doalnated  (k^w  0  and  n+»  n#)  so  that  Eq.  (2)  becomes 


S  -  k  (n  )2  -  0  or  n  -  (S/k  )1/2  .  (<) 

The  current  density  then  becomes 

J  .  p€e(S/kr)l/2E  .  (5) 

In  the  open  phase,  the  discharge  Is  attachment  dominated,  and  Eq .  (2)  becomes 

S-knN-0  or  n-  S/(k  N  )  .  (&) 

m  e  e  e  a  & 

The  current  density  then  becomes 

J  -  ep  S/k  N  E  (7) 

*  a  a 


THE  INFLUENCE  OF  THE  W-VALUE 

The  two  regions  of  the  J-E/N  characteristics,  the  recombination  dominated  and  the 
attachment  dominated  region,  can  also  be  used  to  evaluate  the  Influence  of  a 
Penning  additive  The  method  chosen  here  is  to  assume  that  the  W-value  changes 


with  tha  percent  of  tha  Panning  admixture  and  that  tha  othar  properties  such  aa 
mobility.  racoaibl nation  coafflalant.  and  attachaant  coafflclant  remain  unchanged, 
at  laaat  in  a  certain  range  of  E/N ,  aa  long  aa  tha  fraction  of  tha  Panning 
additive  ia  low.  With  thla  assumption  aa  can  find  an  expreaaion  for  tha  W-value 
for  a  given  gaa  mixture.  Coeipariaon  with  tha  correct  value*  measured  previoualy 
(Nakanishl  and  othara.  1965;  Reinking  and  othara.  1966}  will  then  a  how  whether 
other  propartlea  of  the  diacharga  are  changed  at  the  aarae  tlae.  In  the 
recombination  dominated  region  we  uae  Eq.a  (3)  and  (5)  to  gain  an  expreaaion  for 
the  awltch  current  with  the  W-value  a*  the  variable  parameter. 

J  -  ((e<de/dx>J#b)/kr>1/2p#N(W)'1/2(E/N)  .  (8) 

Since  the  dlacharge  characterlatlc  la  linear  from  0.5  to  2.0  Td,  we  can  uae  the 
alope  of  J(E/N)  to  determine  the  variation  in  the  W-value  of  the  gaa  mlxturea. 

dJ/d(E/N)  a  (W)_1/2  .  (9) 


Thi*  rclatlonahlp  hold*  If  the  E/N  dependence  of  p  and  k  are  assumed  negligible 
in  thla  region  of  E/N.  The  W-value  for  argon  ♦  2*  freon  Il6  la  known  to  be  27  eV 
(Nakaniahl  and  othera.  1985).  and  the  ratio  of  the  W-value  for  nX  and  OX  acetylene 
can  be  obtained  from  Eq.  (9) 

*n  “  W.  [(dJAl(E/N))o2/(dJ/d(E/N))n2]  (10) 

In  the  attachment  dominated  region  we  can  uae  Eq.a  (3)  and  (7)  to  get  again  an 
expreaaion  for  the  awltch  current  with  the  W-value  aa  a  variable  parameter. 

J  -  [J-b<dvax>PeNAaNa](W)_1(E^)  .  (11) 

where  k  and  p  are  both  functions  of  E/N.  Choosing  a  suitable  constant  value  for 
E/N  we  igaln  gSt  am  equation  for  the  ratio  of  the  W-values  for  nX  and  OX  acetylene 

Wn  *  WJo>  •  <12> 

where  W#  la  again  the  known  W-value  for  Ar  ♦  2X  freon  116  ♦  OX  acetylene. 

Figure  2  ahows  the  evaluation  of  Eq.  (10)  in  the  recombination  dominated  regime. 
Although  the  values  for  W  for  low  acetylene  concentrations  seem  to  show  a  trend 
similar  to  the  directly  measured  values  by  Nakanishi  and  others  In  1985.  there  la 
a  clear  discrepancy  which  becomes  especially  severe  for  higher  acetylene 
concentrations.  The  deviation  Is  considered  to  be  mainly  the  consequence  of  the 
Influence  of  the  admixture  of  acetylene  on  the  drift  velocity.  Both,  freon  116 
amd  acetylene,  as  low  concentration  additives  to  argon,  generate  drift  velocities 
with  a  maximum  at  low  values  of  E/N.  A  maximum  at.  for  example.  1.5  Td  Is 
achieved  with  approximately  2-5X  freon  116  (Hunter  and  others.  1964)  or 
approximately  5-10X  acetylene  (Crlstophorou  and  others  1979).  A  further  increase 
of  the  admixture  concentration  will  again  decrease  the  drift  velocity.  We 
therefore  conclude  that  the  admixture  of  acetylene  to  the  mixture  of  98X  argon  and 
2X  freon  116  Increases  the  drift  velocity  up  to  a  concentration  of  approximately 
5X  and  then  decreases  It  at  a  higher  concentration.  The  Important  result  for 
switching  applications  Is  that  the  current  maximum  at  low  values  of  E/N  can  be 
Increased  by  up  to  25X  using  a  few  percent  of  acetylene  as  an  additive. 

In  the  attachment  dominated  regime,  there  is  an  increase  of  the  current  density  of 
at  least  a  factor  of  3  In  the  E/N  rang*  between  5  to  10  Td  which  Is  too  large  to 
be  associated  with  a  change  of  the  W-value.  Here  the  Increase  of  the  current 
density  la  dominated  by  the  cliangc  of  drift  velocity. 
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Fig.  2  W-values  for  a  mixture  of  98*  argon,  2*  freon  116. 

and  an  admixture  of  acetylene  versus  the 

concentration  of  acetylene  ( - .  □  from  Nakanishl 

and  others.  1985:  O  evaluated  from  discharge 
characteristics  using  Eq.  (10)). 


SELF  BREAKDOWN  LIMIT  OF  E/N 

The  voltage  accross  an  opening  switch  In  an  Inductive  energy  storage  system 
increases  significantly  when  the  switch  opens.  The  efficiency  of  such  a  circuit 
depends  of  the  ratio  of  the  maximum  voltage  drop  after  switch  opening  and  the 
voltage  drop  during  condutlon.  The  self  breakdown  value  of  E/N  should,  therefore, 
be  as  high  as  possible  since  the  operating  voltage  always  has  to  be  kept  well 
below  self  breakdown  to  avoid  arcing. 

We,  therefore,  performed  measurements  of  the  breakdown  characteristic  of  the  same 
ternary  gas  mixture  using  the  same  experimental  setup.  The  E/N  value  at 
breakdown,  depending  on  the  fraction  of  the  acetylene  admixture  in  percent,  is 
shown  In  Fig.  3.  We  can  see  that  an  admixture  of  only  0.5*  acetylene 
significantly  decreases  the  breakdown  value  of  E/N  from  42  Td  to  24  Td.  A  further 
Increase  of  the  acetylene  concentration  will  again  increase  the  breakdown  limit 
but  not  enough  to  compensate  for  the  Initial  decrease. 


CONCLUSION 

Penning  ionization  gas  mixtures  can  be  used  to  increase  the  ionization  efficiency 
of  electron  beams  and  consequently  to  increase  the  current  density  of  electron 
beam  sustained  discharges  for  opening  switches  during  the  conduction  phase  at  low 
E/N.  Experiments  were  performed  in  gas  mixtures  of  98*  argon  and  2*  freon  116 
with  admixtures  of  the  Penning  additive  acetylene.  The  current  density  maximum 
could  be  Increased  significantly  This  effect  is  considered  to  be  a  combination 
of  the  reduction  of  the  W-value  and  an  increase  of  the  drift  velocity. 

The  admixture  of  the  Penning  additive  also  reduces  the  breakdown  voltage  of  the 
diffuse  discharge  switch  significantly  This  decrease  of  the  breakdown  limit  very 
possibly  outweighs  the  advantage  of  the  decreased  W-value  for  applications  in 
opening  switches. 
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Fig.  3  E/N  at  breakdown  for  a  mixture  of  98%  argon. 

2X  freon  116.  and  an  admixture  of  actylene  versus 
the  concentration  of  acetylene. 
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ABSTRACT 

The  electrical  characteristics  of  gas  mixtures  for  an  electron  beam 

controlled  diffuse  discharge  opening  switch  are  presented  In  an 

opening  switch  an  attaching  gas  must  be  used  to  obtain  a  fast  opening 

time  in  a  diffuse  discharge.  Two  different  types  of  gas  mixtures  are 

considered  in  the  process  of  optimizing  the  gas  mixtures  used  in  the 

switch  The  first  type  of  gas  mixture  utilizes  one  attaching  gas. 

or  CF^.  The  other  type  of  mixtures,  ternary  gas  mixtures,  utilizing  two 

attaching  gases,  both  C~F..  and  CF„.  and  are  used  in  the  optimization 

z!  o  4 

process  for  repetitive  switching  in  an  inductive  energy  storage  system 
Recommendations  are  made  for  the  gas  mixtures  to  be  used  in  single  shot 


and  repetitive  opening  switches  for  inductive  energy  storage. 


INTRODUCTION 


Pulsed  power  systems  utilizing  Inductive  energy  storage  systems 
require  the  development  of  repetitive  opening  switches  in  order  to  wake 
this  type  of  energy  storage  a  realistic  alternative  to  capacitive  energ\ 
storage  [1]  An  electron  beam  controlled  diffuse  discharge  is  a 
candidate  for  the  opening  switch  The  results  presented  here  were 
obtained  using  different  gas  mixtures  in  an  electron  beam  controlled 
opening  switch 

In  order  to  optimize  the  gas  mixture  used  in  an  electron  beam 
controlled  opening  switch,  several  processes  that  take  place  in  the 
discharge  must  be  taken  into  consideration,  such  as  ionization, 
excitation,  recombination,  attachment,  and  elastic  collisions  All 
these  processes  contribute  to  the  charge  carrier  balance  and  the 
transport  properties  of  the  carriers,  and  therefore  can  be  utilized  in 
the  optimization  process  for  the  repetitive  operation  of  such  a  switch 
.both  the  opening  and  closing  phases  have  to  be  considered  when 
optimizing  the  switch  gas 

In  order  to  produce  short  opening  times  in  an  electron  beam 

controlled  discharge,  an  attaching  gas  must  be  used.  Using  previous 

research  [2]  to  determine  how  the  attachment  rate  coefficient,  k  .  and 

a 

the  drift  velocity,  v^.  vary  with  the  reduced  electric  field  strength, 

E/N.  for  a  variety  of  gases  leads  to  a  list  of  candidate  gas  mixtures  to 

be  tested  in  the  switch.  The  optimum  attachment  rate  coefficient,  k  . 

a 


for  the  gas  would  be  low  during  the  closing  phase  of  the  switch  (at  low 
E/N)  and  high  during  the  opening  phase  (at  high  E/N),  as  demonstrated  in 
Fig.  1.  Also,  the  drift  velocity,  v^.  would  conversely  be  high  during 
the  closing  phase  and  low  during  the  opening  phase. 

Using  the  processes  mentioned  above  to  optimize  the  discharge  and 
also  taking  into  account  the  external  energy  storage  circuit,  the 
optimum  switch  current  density.  J  .  versus  reduced  electric  field 
strength.  E/N,  characteristics  can  be  obtained  for  the  switch  discharge. 
The  gas  mixtures  that  were  investigated  had  one  or  two  attachers. 


EXPERIMENTAL  SETUP 


The  experimental  setup  consists  of  an  electron  beam  pulser,  a 

discharge  chamber,  a  pulse  forming  network  (PFN)  used  to  drive  the 

discharge,  and  various  diagnostics  used  to  monitor  the  system.  As  shown 

in  Fig.  2.  the  electron  beam  chamber  is  below  the  discharge  chamber. 

The  electron  beam  must  penetrate  two  foils  in  order  to  reach  the  gas  ir. 

the  discharge  volume  and  produce  the  necessary  ionization  for  the 

diffuse  discharge  which  is  used  as  the  switching  medium.  The  electro’ 

2 

beam  is  generated  by  a  high  vacuum  100  cm  cold  cathode  (actually  at 
unheated  dispenser  cathode)  [3]. 
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INFLUENCE  OF  ATTACKERS  ON  THE  DISCHARGE 


CHARACTERISTICS 

In  order  to  obtain  fast  switch  opening  times,  an  attaching 
(electronegative)  gas  should  be  added  to  the  buffer  gas  in  the  switch 
[4].  A  high  attachment  rate  coefficient  at  the  high  E/N  range  implies 
that  the  electron  attachment  cross  setion  should  be  large  at  high 
electron  energies  (a  few  eV).  The  electron  attachment  coefficient  is  a 
function  of  the  electron  energy  distribution.  f(e,E/N).  expressed  as  : 

kJE/N)  =  (2/m)1/2/^f(£,E^)e1/2aa(e)d£  .  (1) 

where  a  (e)  is  the  attachment  cross  section  as  a  function  of  electron 
energy  and  m  is  the  electron  mass  [5].  Since  f(t.E/N)  shifts  to  higher 
electron  energies  for  an  increasing  E/N.  the  attachment  rate  increases 
with  E/N  (shaded  area),  as  shown  in  Fig.  3.  It  has  been  suggested  that 
GjFg.  CgFg.  CF3OCF3.  and  CF^  are  candidates  for  attachers  to  be  used  in 
the  gas  mixtures,  since  they  have  significant  attachment  cross  sections 
at  higher  electron  energies  (>  1  eV)  [2].  Of  these  attachers,  only  C^Fg 
and  CF^  were  used,  since  only  with  these  gases  is  attachment  produced  in 
the  energy  range  of  interest. 

The  J  -E/N  characteristics  of  the  electron  beam  sustained 
sw 

discharge  is  dependent  on  the  electron  number  density,  ne>  and  the  drift 
velocity,  v^,  as  seen  by  the  expression 


> 

I 
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where  both  n  and  v,  are  functions  of  E/N.  and  q  is  the  charge  on  an 
e  d 

electron.  The  electron  number  density  rate  equation  is 


dn 

e  o 

—  «S-k(n)  -knN  . 
dt  rv  eJ  a  e  a 


(3) 


where  S  is  the  electron  beam  source  function,  k  is  the  recombination 

r 

rate  coefficient,  k  is  the  attachment  rate  coefficient,  and  N  is  the 

a  a 

attacher  number  density.  The  steady  state  equation  is 


Sf  - 


k  (n  )2  - 
rv  eJ 


knN  = 
a  e  a 


(4) 


During  the  closed  phase  (low  E/N)  of  the  switch  the  discharge 
should  be  recombination  dominated  so  that  Eq.  (4)  becomes 

S  =  kr(ne)2  or  n@  =  (S/kr)1/2  .  (5) 

From  Eq’s.  (2)  and  (5)  it  is  seen  that  should  be  large  and  kf  should 
be  small  in  this  region  of  the  discharge  in  order  to  achieve  a  high 
current  density  at  a  low  E/N. 

When  the  switch  is  in  the  open  phase,  the  discharge  should  be 
attachment  dominated,  such  that  Eq.  (4)  becomes 


S  =  k  n  N  or  n=  S/(k  N  )  . 
a  e  a  e  v  a  a' 


(6) 


Equations  (2)  and  (6)  imply  that  during  the  opening  phase  of  the  switch 
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v,  should  be  low  and  k  should  be  large  in  order  to  obtain  a  fast 
d  & 

opening  time  and  high  voltage  hold-off  in  the  gap. 

During  switch  conduction  a  high  gain  is  necessary  to  achieve  a  high 

efficiency.  Unfortunately,  as  the  source  function  increases  (an 

2 

increase  in  n  )  the  recombination  rate  increases  by  n  .  thus  reducing 
©  © 

the  current  gain.  Because  of  this,  there  is  a  trade  off  between  the 
gain  and  the  maximum  achievable  switch  current  density  for  a  certain  gas 
mixture. 

GAS  MIXTURES  WITH  ONE  ATTACHER 

Gas  mixtures  containing  Ar  (or  CH^)  and  a  small  percentage  of 
satisfy  the  requirements  for  v^  and  k&  versus  E/N.  Therefore, 
experiments  were  performed  under  steady  state  conditions  of  the  electron 
beam  sustained  discharge  to  determine  the  Jsw~E/N  characteristics  for 
these  gas  mixtures. 


Experimental  Results 

The  first  experiments  were  performed  using  pure  and  binary  gas 
mixtures  in  the  switch  and  the  steady  state  electrical  characteristics 
of  these  mixtures  were  measured.  Other  important  parameters  that  were 
measured  are  the  glow-to-arc  transition  (if  any),  the  dc  breakdown 
limit,  the  source  function,  and  the  switch  gain  of  the  gases.  The 


system  used  in  these  experiments  had  a  low  series  impedance  of  2  0. 


The  experimental  p-E/N  characteristics  for  mixtures  of  Ar  and 
different  percentages  of  CgFg  are  displayed  in  Fig.  4.  These  results 
show  that  at  the  low  E/N  range  the  resistivity  is  low  (low  power  losses) 
and  at  the  high  E/N  range  the  resistivity  is  high  (faster  turn  off 
times).  These  are  exactly  the  types  of  characteristics  needed  for  the 
opening  and  the  closing  phases  discussed  previously.  Figure  4  also 
shows  a  region  of  strong  negative  differential  conductivity  (NDC)  from 
3-5  Td.  This  region  is  demonstrated  more  clearly  in  Fig.  5,  showing  a 
reduction  in  current  density  for  an  increase  in  the  E/N.  Figure  5  also 
shows  a  current  maximum  for  each  of  the  characteristic  curves  in  the  E/N 
range  of  2-3  Td.  From  this  it  is  seen  that  Ar  +  2%  C^Fg  has  the  highest 
current  maximum.  Since  this  mixture  has  the  lowest  power  losses  during 
switch  operation  it  is  considered  the  optimum  mixture  among  the  Ar-CgFg 
mixtures.  The  Ar  +  0.5X  CgFg  mixture  has  a  lower  current  density 
maximum  due  to  a  decrease  in  the  drift  velocity  in  this  mixture  as 
compared  to  the  drift  velocity  in  the  Ar  +  2JC  CgFg  mixture  at  this  E/N 
[2]. 

In  order  to  determine  whether  the  NDC  region  of  the  Ar-CgFg 
mixtures  is  caused  by  the  onset  of  attachment  or  the  Ramsauer-Townsend 
minimum  in  the  electron  scattering  cross  section  of  Ar  [6],  an 
experiment  was  performed  in  Ar  +  5%  Ng  with  the  results  shown  in  Fig.  6. 
Although  Fig.  6  clearly  shows  the  change  of  the  differential  discharge 
resistivity  at  ~  1  Td  there  is  no  NDC  region  in  this  mixture  and. 
therefore,  the  conclusion  is  that  the  onset  of  attachment  is  the  primary 
cause  for  the  NDC  region  in  the  Ar-CgFg  mixtures. 
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It  is  known  that  the  addition  of  a  small  percentage  of  nitrogen  to 

argon  increases  the  drift  velocity  significantly  in  the  E/N  range  of 

interest  [7],  [8].  Therefore,  the  J  -E/N  characteristics  for  the 

sw 

mixture  93%  Ar  +  2%  CgFg  +  5%  Ng  were  also  measured.  Figure  6  shows  a 

increase  of  the  current  density  maximum  due  to  the  addition  of  nitrogen, 

but  there  is  also  an  increase  of  the  current  density  in  the  attachment 

dominated  region  of  the  discharge  (high  E/N)  which  is  larger  than  the 

increase  in  the  recombination  dominated  region  (low  E/N).  Therefore  the 

change  in  resistivity  from  the  low  E/N  conduction  state  to  the  high  E/N 

open  state  is  not  as  large  with  the  addition  of  Ng  to  Ar  +  2%  CgFg. 

Gas  mixtures  using  CH^  (methane)  instead  of  Ar  as  the  buffer  gas 

were  also  used  in  the  discharge.  Figure  7  shows  the  results  using  these 

mixtures.  Pure  CH^  has  the  highest  current  maximum  obtained  thus  far, 

but  unfortunately  this  maximum  occurs  at  a  high  E/N  and  would. 

therefore,  produce  significant  power  losses.  The  CH^  +  2%  CgFg  mixture 

has  a  current  maximum  at  a  lower  E/N  but  due  to  the  attaching  gas  the 

maximum  is  much  lower  than  for  100%  CH . .  The  CH.  +  2%  CJF_ 

4  4  2  6 

characteristics  also  have  a  slight  NDC  from  5  Td  and  up,  which  can  be  an 
advantage  when  used  in  an  inductive  energy  storage  system. 

Figure  8  shows  the  J  -E/N  characteristics  of  mixtures  containing 

SW 

CHj  and  CF^.  The  first  part  of  the  100%  CH^  characteristics  are  again 

plotted  for  a  comparision  with  mixtures  containing  CF^.  The  50%  CH^  + 

50%  CF.  mixture  does  not  reach  a  current  maximum  until  at  least  15  Td. 

4 

The  operating  point,  however,  would  be  at  approximately  3-4  Td.  the 
first  change  in  the  slope,  where  the  power  losses  are  low.  Also  shown 
in  Fig.  8  are  the  J  -E/N  characteristics  for  100%  CF..  The  operating 
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point  is  idential  with  50%  CH^  +  50%  CF^,  and  since  100%  CF^  has  a 
higher  resistivity  at  high  E/N  range  it  would  be  the  better  gas  of  the 
two  to  use  in  an  opening  switch 

The  glow-to-arc  transition  E/N  limits  and  the  dc  E/N  breakdown 
limits  were  measured  for  all  gases.  The  Ar-CgFg  mixtures  have  an  upper 
E/N  limit  at  which  a  glow-to-arc  transition  instability  occurs.  This 
E/N  limit  increases  for  an  increasing  concentration  of  C_F_  in  Ar.  No 

4  O 

such  instability  was  observed  in  the  CH^-based  mixtures.  The  CH^  based 
mixtures  have  a  much  higher  dc  E/N  breakdown  limit  than  the  Ar  based 
mixtures.  The  Ar-based  mixtures  have,  by  far,  the  lowest  limit,  due  to 
the  small  amount  of  attaching  gas  in  the  mixtures.  For  all  of  the 
mixtures,  an  increase  in  the  amount  of  attaching  gas  always  increases 
the  breakdown  limit. 


EFFECTS  OF  THE  CIRCUIT  ON  THE 
DISCHARGE  CHARACTERISTICS 


When  treated  as  a  transmission  line,  an  inductive  energy  storage 
system  would  have  a  high  characteristic  impedance  [4],  Therefore,  the 
ideal  J  -E/N  characteristics  of  a  switch  needed  in  such  a  system  can  be 
constructed,  using  the  appropriate  criteria.  It  will  be  shown  that  the 
proposed  J  -E/N  characteristic  is  important,  especially  for  repetitive 

5W 

operation  in  a  burst  (several  pulses.  ~  100  ns  long  each,  after  one 
charging  process),  where  both  the  opening  and  closing  processes  of  the 
switch  must  be  taken  into  consideration. 
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Since  a  high  Impedance  system  is  of  Interest,  it  is  helpful  to  look 

at  a  plot  of  the  Jsw-E/N  characteristics  with  high  and  low  impedance 

load lines,  as  in  Fig.  9.  These  loadlines  are  derived  from  the  current 

and  voltage  of  the  switch  gap.  and  in  this  particular  switch,  the  E/N 

(in  Td)  is  approximately  the  same  as  the  voltage  (in  kV)  across  the 

switch.  A  low  Impedance  system  is  used  to  measure  the  full 

characteristics  of  the  gas  mixture  in  the  system,  while  the  high 

impedance  loadline  is  a  more  practical  representation  of  the  system. 

Referring  to  Fig.  9.  the  mixture  of  Ar  +  2%  CgFg.  the  high  impedance 

system  would  produce  an  obstruction  of  the  closing  process  since  the 

current  maximum  could  never  be  reached  at  the  low  E/N  state.  Also  it  is 

expected  that,  since  there  is  a  high  attachement  rate  at  high  E/N.  at 

the  beginning  of  the  closing  process  it  would  take  longer  to  reach  the 

steady  state  maximum  in  this  high  Impedance  system.  From  this  we 

conclude  that,  as  seen  in  Fig.  10.  the  ideal  J  -E/N  characteristics 

sw 

would  have  a  high  current  maximum  at  a  low  E/N  and  a  gradually 
decreasing  current  density  as  the  E/N  Increases  until  breakdown  occurs 
at  a  value  of  E/N  as  high  as  possible.  This  would  help  eliminate  the 
obstruction  processes  due  to  both  a  large  NDC  (negative  differential 
conductivity)  and  high  attachment  at  high  E/N. 

The  experimental  results  for  CH^  +  2%  CgFg,  Fig.  7,  showed  a 
Jsw~E/N  characteristic  very  much  like  the  ideal  characteristic  just 
described.  Since  the  addition  of  Ng  increases  v^.  it  would  also  be 
advantageous  to  find  a  gas  mixture  containing  Ar  as  a  buffer  that  has 
similar  results  but  with  a  maximum  at  lower  values  of  E/N.  One  method 
of  accomplishing  this  is  to  use  Ar  with  admixtures  of  two  attaching 
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gases  with  significant  attachment  cross  sections  that  have  different 
threshold  electron  energies.  Referring  to  Fig.  2.  it  is  seen  that  C0F_ 

£.  O 

has  a  strong  onset  of  attachment  at  approximately  5  Td.  By  adding  an 

attaching  gas  with  an  attachment  cross  section  at  higher  electron 

energies  than  CgFg  and  also  a  drift  velocity  maximum  at  higher  E/N  than 

C^Fg,  a  discharge  characteristic  as  shown  in  Fig.  3  should  result. 

Since  CgFg  has  an  onset  of  attachment  at  approximately  3  eV  [5],  CF^  was 

chosen  as  the  second  attacher  with  an  onset  of  attachment  at 

approximately  6  eV  [5] .  Also  since  CF^  has  a  smaller  cross  section  than 

CgFg,  a  larger  percentage  of  CF^  is  added  to  the  gas  mixture.  The  gas 

mixtures  proposed  for  this  are  mixtures  of  Ar  +  2X  CgFg  +  varying 

percentages  of  CF^.  Also  mixtures  of  CH^  +  CgFg  +  CF^  were  investigated 

to  determine  the  effects  of  two  attachers  in  CH . .  since  CH.  based 

4  4 

mixtures  have  higher  dc  E/N  breakdown  limits  than  argon. 

GAS  MIXTURES  WITH  TWO  ATTACHERS 

In  order  to  Investigate  the  expected  effects  of  the  inductive 
energy  storage  circuit  on  the  discharge  characteristics  of  the  gas 
mixtures,  high  impedance  systems  were  simulated  using  different  series 
resistances  and  the  resulting  characteristics  were  measured.  After 
these  processes  were  verified,  the  steady  state  characteristics  of  new 
gas  mixtures  were  measured.  These  new  gas  mixtures  were  chosen  to  try 
to  alleviate  the  problem  of  an  inherent  high  characteristic  Impedance  in 


an  Inductive  storage  system.  Also  the  different  E/N  limits  for  the 
breakdown  of  the  gas  mixtures  were  measured. 

The  first  task  was  to  measure  the  characteristics  of  an  Ar-C»Fc 

Z  D 

mixture  in  a  high  impedance  circuit.  In  Fig.  11.  the  Jgw-E/N 
characteristics  for  Ar  +  2%  Cg Fg  were  measured  using  a  23  0  series 
resistor.  The  effective  loadline  for  this  system  is  plotted  and  results 
show  that  the  current  maximum  is  unattainable  in  this  system,  as 
expected. 


Experimental  Results 

The  first  gas  mixtures  to  be  Investigated  were  mixtures  of  Ar  + 

2%  CgFg  +  varying  percentages  of  CF^.  In  Fig.  12,  the  characteristics 
of  these  gas  mixtures  are  shown,  which  confirm  that  an  addition  of  CF^ 
can  produce  the  necessary  characteristic  for  a  high  impedance  system. 

Of  the  two  gas  mixtures,  the  optimal  mixture  contains  49%  CF^  for  a  high 
impedance  system,  since  the  gas  with  20%  CF^  still  has  a  negative 
differential  conductivety  which  is  too  strong.  The  mixture  with  49%  CF^ 
has  a  more  gradual  negative  differential  conductivity,  which  fulfills 
the  requirement  for  high  impedance  systems.  However,  in  an  attempt  to 
increase  the  breakdown  limit  of  the  gas  mixture.  CH^-based  mixtures  were 
also  investigated. 

The  J-E/N  characteristics  for  mixtures  containing  CH^  +  CgFg  +  CF^ 
are  shown  in  Fig.  13.  As  seen  in  these  curves,  all  of  the  mixtures 
produced  the  desired  high  impedance  characteristic  curve  shape.  For  a 
high  impedance  system  the  optimal  gas  mixture,  of  the  three  mixtures,  is 
49.5%  CH^  +  2%  C£Fg  +  49.5%  CF^,  since  it  has  a  higher  current  maximum 


at  the  low  E/N  operating  point  during  the  conduction  phase  of  the 
switch. 

The  Ar  based  ternary  gas  mixtures  also  exhibited  an  E/N  limit  for 
the  occurrence  of  a  glow-to-arc  transition,  just  as  in  the  binary  Ar 
mixtures.  It  is  seen  that  the  CH^-based  mixtures  have  the  highest  dc 
breakdown  limits,  the  mixture  with  5X  CgFg  having  the  largest  value. 
Again,  as  in  the  single  attacher  mixtures,  the  Ar  based  mixtures  have 
the  lowest  breakdown  limits.  Even  so,  the  high  concentration  of  CF^  in 
the  Ar  mixtures  has  dramatically  increased  the  breakdown  limit  compared 
to  the  low  percentage  CgFg-Ar  mixtures. 

CONCLUSIONS  AND  RECOMMENDATIONS 

With  the  experimental  results  presented  previously,  a  discussion 
of  the  advantages  and  disadvantages  of  the  mixtures  along  with 
recommendations  for  certain  systems  will  be  given.  The  two  different 
types  of  switching  considered  are  outlined  below: 

1)  A  repetitive  switch  for  inductive  energy  storage  is  considered, 
which  must  take  into  account  the  characteristic  high  impedance 
of  this  system  during  a  burst  of  pulses. 

2)  An  opening  switch  is  also  considered,  where  a  high  holdoff 
voltage,  low  power  dissipation  and  a  large  NDC  are  most 
important . 

The  important  parameters  for  these  gas  mixtures  are  tabulated  and 
presented  in  Table  1.  In  Table  1,  the  subscript,  OP,  indicates  the 
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parameters  at  the  operating  point  of  the  discharge.  In  column  4.  E/Nj^ 
represents  the  E/N  range  in  which  the  NDC  occurs.  In  column  8.  RHOjj- 
is  the  resistivity  at  15  Td.  Referring  to  the  values  in  the  last  two 
columns,  E/Ng^  is  the  dc  breakdown  limit  and  E/N^^  is  the  glow-to-arc 
transition  limit. 

A  discussion  of  the  types  of  breakdown  is  appropriate  at  this 
point.  In  general  an  opening  switch  used  in  an  inductive  energy  storage 
system  should  have  a  very  high  breakdown  limit.  As  seen  in  Table  1,  two 
different  breakdown  limits  are  listed,  the  dc  E/N  breakdown  limit  and  a 
glow-to-arc  transition  breakdown  which  is  found  in  argon-CgFg  mixtures 
only  and  occurs  only  during  the  operation  of  the  switch  as  opposed  to  dc 
breakdown  which  occurs  independently  from  switch  operation.  Some 
general  observations  made  from  Table  1  are  discussed  below.  The 
CH^-based  mixtures  have  a  higher  dc  breakdown  limit  than  argon-based 
mixtures  and  no  glow-to-arc  transition  limit.  Because  of  this  and  the 
fact  that  the  glow-to-arc  transition  limits  of  the  argon-based  mixtures 
are  very  low,  the  argon-based  mixtures  are  less  promising  than  the 

CH. -based  mixtures.  Also,  the  addition  of  the  attachers  C„F0  and  CF. 

4  Z  b  •i 

increase,,  the  dc  breakdown  limit. 

The  resistivity  at  different  E/Ns  is  also  an  important  factor  when 
discussing  switch  operation,  therefore  a  few  observations  will  be  made 
at  critical  points.  As  shown  in  Table  1.  comparing  the  values  of  p  at 
15  Td  with  the  values  of  p  at  the  operating  point  and  at  low  E/N 
(minimum  p),  it  is  seen  that  in  all  cases  p  inerreases  when  the  E/N  is 
increased.  This  result  is  due  to  either  the  onset  of  attachment  or  the 
reduction  of  the  drift  velocity  or  a  combination  of  both  effects,  as  the 


E/N  Increases.  This  is  sm  important  effect,  since  an  opening  switch 
requires  a  high  p  at  a  high  E/N. 


A  Repetitive  Switch  for  Inductive  Energy  Storage 

When  considering  an  electron  beam  controlled  diffuse  discharge  for 

use  as  a  fast  (100  ns  pulses)  repetitive  opening  switch,  certain 

criteria  are  used  to  choose  the  best  gas  mixture.  The  three  most 

important  criteria  for  this  type  of  repetitive  switching  are  a  high 

current  density  at  low  E/N  .  a  high  E/N  breakdown  limit,  and  only  a 

slight  negative  differential  conductivity  (slowly  decreasing  current 

density  with  increasing  E/N)  after  the  current  density  maximum.  The 

optimization  process  will  be  divided  into  two  parts,  the  optimum  argon 

based  and  CH.  based  mixtures. 

4 

For  the  CH^  based  mixtures  the  optimum  gas  mixture  is  49%  CH^  + 

2%  CgFg  +  49%  CF^.  since,  as  seen  in  Table  1,  it  has  the  highest  current 

density  at  a  comparatively  low  E/N.  an  appropriate  negative  differential 

conductivity,  the  highest  current  gain,  and,  most  impor tantly ,  the 

highest  dc  E/N  breakdown  limit.  With  the  small  negative  differential 

conductivity,  the  closing  process  will  not  be  obstructed  when  used  in  a 

high  impedance  inductive  energy  storage  system. 

For  the  ternary  argon  based  mixtures,  again  referring  to  Table  1. 

the  best  mixture  for  a  repetitive  opening  switch  can  be  obtained.  When 

considering  the  high  impedance  system,  the  78%  Ar  +  2%  C0F_  +  20%  CF, 

2  b  ■‘1 

mixture  still  has  an  NDC  which  is  too  large.  Since  49%  Ar  +  2%  C£Fg  + 
49%  CF^  has  a  more  gradual  NDC,  it  would  better  accomodate  higher 


impedance  systems.  Also  the  49%  Ar  +  2%  CQF_  +  49%  CF  mixture  has  a 


higher  dc  E/N  breakdown  limit  which  is  important  in  an  opening  switch. 
Unfortunately  the  argon  based  mixtures  have  a  glow-to-arc  transition  E/N 
limit  which  is  much  lower  than  the  dc  breakdown  E/N  limit.  Because  of 
this  the  CH^-based  ternary  mixtures  appear  to  be  much  better  for  use  in 
an  opening  switch. 


A  Sinele  Shot  Opening  Switch 

When  considering  a  single  shot  or  repetitive  opening  switch,  both  a 
high  current  density  at  a  low  E/N  and  a  large  negative  differential 
conductivity  are  important  factors  in  the  optimization  process.  Since, 
in  a  single  shot  opening  switch,  the  system  impedance  during  the  initial 
charging  of  an  inductive  storage  system  is  low  (no  transmission  line 
effects),  the  operating  point  will  always  Initially  be  reached  in  either 
high  or  low  impedance  systems.  Of  the  ternary  two  attacher  gas 
mixtures,  78%  Ar  +  2%  *  20%  CF^  has  the  largest  negative 

differential  conductivity  and  therefore  the  fastest  opening  time  which 
is  one  of  the  most  important  factors  in  a  single  shot  opening  switch. 
However,  the  glow-to-arc  transition  limit  in  Ar  based  mixtures  is  very 
low,  as  seen  in  Table  1.  Therefore  it  may  be  necessary  to  use  a 
CH^-based  mixture  for  a  higher  breakdown  limit  at  the  expense  of  the 


faster  opening  time. 


SUMMARY 


When  considering  a  high  impedance  system  the  shape  of  the  J-E/N 
characteristic  curve  it  is  important  that  the  obstruction  of  the  closing 
process,  in  a  repetitive  opening  switch,  is  to  be  avoided.  Using  two 
attachers  (CgFg  and  CF^)  in  argon  and  CH^  based  mixtures  can  produce  the 
necessary  J-E/N  characteristic  curve  for  such  a  system. 

The  CH. -based  mixtures  are  considered  to  be  better  than  the 
4 

argon-based  mixtures  since  the  E/N  breakdown  limit  is  much  higher  and 
there  is  no  glow-to-arc  transition  which  is  inherent  in  the  argon-based 
mixtures.  Also,  the  choice  of  the  mixture  depends  on  the  type  of 
switching  involved,  where  different  criteria  are  of  importance. 
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Current  density.  J,  versus  reduced  electric 
field  strength.  E/N ,  for  an  e-beam  sustained 
discharge  in  Ar  with  admixtures  of  . 
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Fig.  8  Current  density.  J.  versus  reduced  electric 
field  strength.  E/N,  for  an  e-beam  sustained 
discharge  in  CH^-CF^  mixtures. 
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Fig.  9  Current  density.  J.  versus  reduced  electric 
field  strength.  E/N,  for  an  e-beam  sustained 
discharge  showing  the  different  impedance 
loadlines  in  a  mixture  of  Ar  +  2X  C^F^. 
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Fig.  10  The  ideal  current  density,  J,  versus  reduced 
electric  field  strength,  E/N ,  for  an  e-beam 
sustained  discharge  for  a  high  impedance 
repetitive  switching  system. 
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Fig.  11  Loadlines  and  current  density,  J,  versus 

reduced  electric  field  strength,  E/N ,  for  an 
e-beam  sustained  discharge,  obtained  with 
different  loadlines  in  Ar  +  2%  CgFg. 
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THE  INFLUENCE  OF  PHOTODETACHMENT  ON  THE  J-E/N  CHARACTERISTICS 
OF  DIFFUSE  DISCHARGES  CONTAINING  OXYGEN 

G.  Schaefer3),  G.  Z.  Hutcheson13 ) ,  K.  H.  Schoenbachc ) ,  and 
P .  F .  Willi ams^  ‘ 

Department  of  Electrical  Engineering/Computer  Science 
Texas  Tech  University,  Lubbock,  TX  79409-4439 
(Recei ved 

Externally  sustained  discharges  can  be  used  as  opening  and  closing 
switches  in  pulsed  power  systems.  Admixtures  of  attachers  with  a  low 
attachment  rate  at  low  values  of  E/N  and  a  high  attachment  rate  at  nigh 
values  of  E/N  will  allow  a  low  loss  operation  in  the  conduction  phase  as 
well  as  rapid  opening  when  the  external  sustaining  source  is  terminated. 
Losses,  however,  will  increase  in  the  closing  transition  when  the  external 
sustaining  source  is  turned  on.  Photodetachment  has  been  proposed  as  an 
additional  control  mechanism  to  overcome  these  losses  in  the  dosing  trans¬ 
ition.  This  paper  presents  measurements  on  photoionization  sustained  dis¬ 
charges  in  argon  and  nitrogen  containing  admixtures  of  02  under  the 
influence  of  laser  radiation.  Strong  changes  of  the  voltage-current  char¬ 
acteristics  have  been  observed.  The  influence  of  parameters  such  as  per¬ 
centage  of  02,  laser  power,  laser  pulse  width,  and  circuit  impedance  is 
presented.  Additionally,  it  is  shown  that  photodetachment  can  enhance  the 
stability  of  diffuse  discharges. 


Inductive  energy  storage  is  attractive  in  pulsed  power  applications 
because  of  its  intrinsic  high  energy  density  and  its  ability  to  operate  a: 
low  prime  voltage.  The  key  technological  problem  in  developing  inductive 
energy  storage  systems,  especially  for  repetitive  operation,  is  the 
development  of  a  fast  opening  switch.  Diffuse  discharges  have  advantages 
for  switching  because  of  their  low  inductance,  small  electrode  erosion  ana 
heating  rates  and  moderate  energy  density  whicn  offer  the  possibility  of 
external  control  of  the  opening  and  closing  process  by  means  of  electron 
beams  and/or  lasers. 

To  achieve  short  opening  times  in  an  externally  sustained  discharge 
with  electron  densities  in  the  range  n&  _<  1014  cm' 3  electron  attachers 
have  to  be  used.  Attachers  with  high  attachment  rates  at  high  values  of 
reduced  field  strength,  E/N,  and  low  attachment  rates  at  low  values  of  E/N 
will  allow  fast  opening  when  the  electron  beam  is  turned  off  and  low  losses 
in  the  conduction  phase.'*2  Such  attachers,  however,  increase  the  clos¬ 
ing  time  and  increase  the  loss  during  switch  closure,  especially  if  closure 
has  to  be  performed  in  a  high  impedance  system.  This  effect  has  been 
demonstrated  in  calculations  on  discharges3  in  N2  containing  N20  and  in 
experiments  on  discharges4  in  Argon  containing  C?F6. 

It  has  been  proposed  that  photodetachment  can  be  used  to  overcome 
these  losses  during  closure.3*5  The  influence  of  photodetachment  will 
mainly  influence  the  discharge  characteristics  in  an  intermediate  E/N 
range.  At  low  values  of  E/N  attachment  will  not  dominate  the  discharge  i' 
the  attacher  used  has  the  properties  as  mentioned  above.  At  high  values  o‘ 
E/N  -  above  self  breakdown  -  ionization  through  the  discharge  electrons 


will  dominate.6  For  applications  as  a  repetitive  closing  and  opening 
switch  the  discharge  therefore  has  to  be  operated  at  low  values  of  E/N  not 
influenced  by  attacnnent  in  tne  conduction  phase,  and  at  intermediate 
values  of  E/N  well  below  sel f-breakdown  and  subsequently  dominated  by 
attachment  in  the  nonconducting  phase,  and  the  transitions  between  these 
two  phases.  The  influence  of  photodetachment  can  subsequently  be  demo"- 
strated  by  measuring  the  current  density  (J )  versus  reduced  field  strengt" 
(E/N)  character i st i cs  under  the  influence  of  photodetachment . 

The  experimental  setup  used  for  our  experiments  is  shown  'n  Fig.  1. 

The  major  component  is  the  discharge  chamber  with  a  TEA-laser  electrode 
configuration  (variable  gao  distance,  d  =  3.5-10  mr,  active  electrode 
widtn,  w  =  20  mm,  elecfode  length,  1  =  200  mm).  The  electrodes  of  this 
chamber  are  connected  to  a  125.'.  line  which  is  charged  to  a  voltage  below 
sel f -breakdown  of  tne  discharge  gap.  A  resistor  in  series  is  used  to  vary 
the  system  impedance.  A  spar*  array  UV  source  is  located  behind  a  screen 
in  one  o‘  the  main  electrodes.  This  UV  source  can  produce  light  pulses 
with  5  ns  nsetime  and  nearly  constant  emission  over  several  100  ns.  Whep 
the  UV  source  is  fired  an  externally  sustained  discharge  will  be  initiate" 
in  the  discharge  chamber.  Current  and  voltage  probes  in  the  main  line  allow 
the  evaluation  of  the  time  dependence  of  current,  voltage,  and  impedance  o * 
the  discharge.  Side  windows  at  the  discharge  chamber  allow  the  illumina¬ 
tion  of  the  discharge  volume  with  a  flashlamp  pumped  dye  laser,  "his  lase" 
produces  pulses  of  approximately  1000  ns  lengtn  and  nearly  constant  po*er 
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of  *  1  MW  over  tne  central  4Q0  ns  at  590  nm.  With  a  pockel  cell  cnopper, 
short  pulses  of  50  ns  length  and  -  500  kW  power  can  be  obtained.  Tne 
time  dependent  measurements  of  current  and  voltage  across  the  discharge, 
with  and  without  laser,  allow  the  evaluation  of  the  influence  of  pnoto- 
detachnent  on  the  J-E/N  cnaracteri st i cs  and  on  the  transient  behave  of 
the  discharge. 

The  measu rement s  reported  here  were  performed  in  mixtures  of  argon  an o 
nitrogen  with  admixture  of  oxygen  as  the  attac her.  Attachers  producing 
as  the  dominant  negative  ion  are  good  candidates  for  photodetaohnent  exper¬ 
iments,  since  0"  has  a  relatively  high  photodetachnent  cross  section8  for 
photons  of  approximately  2  eV  which  can  be  produced  efficiently  with  flasr- 
1  amp  pumped  dye  lasers. 

The  mixture  of  argon  and  nitrogen  optimizes  the  ionization  efficiency 
of  the  UV  source.  Nitrogen  is  known  to  increase  the  UV  yield  of  the  spa"> 
sources9  while  the  admixture  of  argon  increases  the  penetration  depth  of 
the  ionizing  radiation.  The  ionization  efficiency  was  further  enhanced  by 
using  N,N  di methy 1  an i 1 1 ne  as  an  additive  with  a  low  ionization  potent i a  1 .' J 

The  first  set  of  experiments  was  performed  to  evaluate  the  influence 
of  attachment  on  the  steady  state  J-E/N  characteristic  of  the  discharge. 

For  these  experiments  the  system  impedance  was  kept  small  compared  to  f'e 
impedance  of  the  discharge  (with  nearly  constant  discharge  voltage',  cor¬ 
set  of  data  was  taken  without  the  laser.  Figure  2  shows  the  J-E/N  charac¬ 
teristics  for  gases  with  varying  concentrations  of  0j.  The  mixtures  used 
with  higher  0^  concent  rat i ons  generated  regions  of  negative  differentia, 
conduct  i  v  ty  in  i  nt  e  rmed  i  at  e  E/N  ranges  of  tne  character  i  st  i  cs .  This 
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effect  is  the  consequence  of  an  attachment  coefficient  that  strongly 
increases  with  E/N.  At  high  values  of  E/N  the  currents  increased  dras¬ 
tically.  In  this  E/N  range  internal  ionization  through  discharge  electrons 
becomes  significant  and,  therefore,  represents  the  transition  to  self-sus- 
tained  discharges. 

Figure  3  shows  the  influence  of  photodetachment  for  varying  concentra- 
tions  of  02 .  For  these  experiments,  the  UV  source  was  triggered  at  the 
peak  power  of  the  1000  ns  laser  pulse.  The  laser  power  density  in  the 
discharge  champer  was  8  *  1011  W/cm:.  Discharges  that  did  not  contain 
oxygen  showed  no  change  in  resistance  when  illuminated  by  the  laser.  No 
influence  of  the  laser  on  the  discharge  characteristics  was  observed  in  the 
low  E/N  range  where  no  dissociative  attachment  occurs.  The  influence  of 
the  laser  starts  in  the  range  where  the  current  density  reaches  a  minimum. 
In  this  E/N  range  attachment  is  strong  and  the  density  of  negative  ions  is 
high.  The  strongest  changes  of  the  resistance  at  constant  values  of  E/N 
were  observed  in  the  transition  regime  to  the  sel f-sustained  discharges. 
Increased  electron  density,  due  to  internal  ionization,  along  with  the  high 
E/N  caused  a  high  density  of  negative  ions  which,  in  turn,  gave  a  strong 
photodetachment  effect.  The  higher  oxygen  concentrations  produced  a  more 
pronounced  change  in  resistance,  as  a  result  of  the  higher  negative  ion 
densities. 

The  dependence  of  the  resistance  cnange  on  tne  laser  intensity  was 
also  measured  and  was  found  to  be  linear  up  to  the  maximum  intensity  of  our 
laser,  8  *  10s  W/cm2.  This  result  indicated  that  only  a  fraction  of  the 
negative  ions  were  being  photodetached ,  and,  that  with  higher  laser  powers, 
stronger  resistance  cnanges  could  have  be^m  attained.5 


Further  experiments  involved  determining  the  effect  of  photodetachnent 
on  a  high  impedance  circuit.  A  13  kO  resistor  was  placed  in  series  with 
the  transmission  line  of  the  diffuse  discharge  circuit.  In  such  a  circuit 
the  increase  of  current  is  associated  with  a  decrease  of  E/N  and,  con¬ 
sequently,  a  reduction  of  the  attachment  rate.  The  effect  of  the  laser  is 
therefore  expected  to  be  smaller.  Tne  laser  was  operated  again  in  the  long 
pulse  mode,  and  the  UV  source  was  triggered  at  the  time  of  peak  laser 
power.  The  results,  plotted  as  changes  in  discharge  resistance,  are  sho«n 
in  Fig.  4.  As  in  the  low  impedance  measurements,  the  strongest  changes  in 
resistances  occurred  in  the  transition  regime  from  externally  to 
self-sustained  discharges. 

Scnaefer,  et  al.3  have  demonstrated  through  simulations  that  short 
laser  pulses  occurring  soon  after  discharge  initiation  can  strongly  alter 
the  J-E/N  characteri st i cs  of  the  discharge  for  the  remainder  of  the 
discharge  pulse.  Figure  5  shows  similar  results  in  our  experiment  in  which 
the  laser  pulse  was  only  on  for  -50  ns  soon  after  discharge  initiation. 
Current  density  changes  caused  by  short  laser  pulses  occurring  later  in  the 
discharge  were  smaller  and  more  closely  followed  the  laser  in  time. 

As  a  final  demonstration  of  the  influence  of  photodetachment,  laser 
enhanced  stability  experiments  were  performed  in  the  1250  system  in  a 
mixture  of  A r  with  5.3%  02  and  350  ppm  dimethyl ani 1 i ne  at  1  atm.  Sudden 
voltage  collapse  and  current  changes  in  the  discharges  indicated  formation 
of  arcs.  As  in  the  previous  experiments,  the  laser  was  used  with  a  peak 
intensity  of  approximately  8  *  105  W/cm2.  In  five  out  of  five  cases  where 
the  discharges  were  not  illuminated  by  the  dye  laser,  arc  development 


occurred  anywhere  from  350  ns  to  1  us  after  discharge  initiation  as 
previously  demonstrated  by  Norris  and  Smith.11  However,  for  five  out  o‘ 
five  cases  where  the  discharges  were  illuminated,  no  arcs  were  observed. 

By  increasing  the  electron  density12  and  lowering  the  effective  attachment 
rate,  photodetachment  enhances  discnarge  stability. 

The  experiments  presented  demonstrate  that  externally  sustained 
discharges  in  mixtures  of  argon  and  nitrogen,  containing  admixtures  of 
oxygen  exhibit  a  negative  differential  conductivity  in  an  intermediate  E/N 
range.  This  effect  is  believed  to  be  the  consequence  of  the  attachment 
coefficient  for  the  dissociative  process  (e^02*0-+0 ) ,  increasing  strongly 
with  E/N. 

Photodetachmer|t  with  a  visible  laser  can  be  used  to  significantly 
change  the  discharge  characteristics.  Resistance  changes  at  moderate  laser 
powers  (800  kW/cn2)  were  strongest  (factor  of  8)  at  the  E/N  range  where  the 
ratio  of  the  negative  ion  density  to  the  electron  density  is  highest.  This 
E/N  range  corresponds  to  the  regime  just  below  the  transition  from 
externally  sustained  to  sel f -sustai ned ,  which  is  the  E/N  range  close  to  the 
initial  E/N  values  that  would  be  used  for  a  diffuse  discharge  switch  in  a 
high  impedance  system.  Short  laser  pulses  during  discharge  initiation  are 
sufficient  to  change  the  behavior  of  the  entire  discharge  pulse. 

From  these  experiments,  we  believe  that  discharges  can  be  operated  as 
opening  switches  with  low  loss  m  high  impedance,  burst  mode  systems,  if 
photodetachment  is  utilized  during  discharge  initiation.  For  both  switches 
and  lasers,  photodetachment  can  be  used  as  a  mechanism  to  improve  the 


stability  of  diffuse  discharges  ana,  thereby,  one  nay  be  able  to  increase 
repetition  rates  or  conduction  times. 
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FIGURE  CAPTIONS 


Figure  I 


Figure  2 


Figure  3 


Figure  4 


Figure  S 


.  Experimental  setup  for  UV  sustained,  photodetachment  controlled 
discharge. 

J-E/N  character! sties  of  UV  sustained  and  UV  initiated  dis¬ 
charges  for  several  concentrations  of  02  with  2.6*  N2,  350  ppn 
dimenthlani 1 i ne ,  and  balance  of  Ar  at  1  atm. 

The  influence  of  the  laser  on  the  discharge  resistance 
Rl/R0,  where  is  the  resistance  with  laser 

illumination  and  R„  is  the  resistance  without  laser  illumin- 
o 

ation  versus  E/N  for  125n  system  impedance.  Gas  mixtures  con¬ 
tained  various  concentrations  of  02,  2.6%  N2,  350  ppm  dimethy- 
laniline,  and  balance  of  Ar  at  1  atm. 

The  influence  of  the  laser  on  the  discharge  resistances 
Rl/Ro>  where  RL  is  the  discharge  resistance  with 
laser  illumination  and  RQ  is  the  discharge  resistance  with¬ 
out  laser  illumination  versus  initial  E/N  for  13  kft  system 
impedance.  Gas  mixture  contained  varying  concentrations  of  02, 
2.6%  N2  ,  350  ppm  dimethyl ani 1 i ne ,  and  balance  of  Ar  at  1  atm. 
Current  versus  time  with  and  without  short  laser  pulse  for  a  gas 
composition  of  13.2%  02,  2.6%  N2,  84,2%  Ar,  and  350  ppm  dimethy- 
laniline  at  1  atm,  initial  E/N  =  50.2  Td,  and  a  laser  power 
density  =  400  kW/cm2. 
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Abstract 

The  surfaces  of  stainless  steel  electrodes  used 
In  a  high  energy,  gas-filled  spark  gap  have  been 
analysed  using  Auger  Electron  Spectroscopy  (AES)  and 
Scanning  Electron  Microscopy  (SEH).  The  analysis  of 
electrode  cross-sections  revealed  areas  of  enhanced 
erosion  and  crack  foraatlon  as  a  result  of  teeperature 
cycling  of  the  arc  and  enhanced  chealcal  attack  along 
tMnganese  'stringers'  which  were  present  In  the  stain¬ 
less  steels.  The  depth  of  the  cracks  was  considerably 
less  In  nitrogen  (20  pa)  than  In  air  (80  pa)  and 
except  at  the  cracks  the  daaage  was  generally  less 
than  10  pa.  The  use  of  low  sulphur  steels  and  cutting 
the  electrodes  so  that  the  stringers  ran  parallel  to 
the  surface  both  proved  to  be  effective  Beans  of 
eliminating  crack  foraatlon,  thus  reducing  the  chance 
of  electrode  failure. 


Introduction 

The  surface  daaage  and  subsequent  electrode 
erosion  resulting  from  high  energy  arcs  has  been  of 
Interest  for  a  considerable  time  as  a  major  factor 
Halting  the  llfetlae  of  spark  gaps  used  as  switching 
components  In  a  variety  of  pulsed  power  systeas. 
Recent  work  on  electromagnetic  launchers  ('rail  guns') 
has  renewed  the  Interest  In  understanding  electrode 
erosion,  especially  for  very  high  currents  (>  100  kA). 
The  work  reported  here  contains  results  on  material 
effects  likely  to  play  a  role  In  electrode  reliability 
in  the  high  current  reglae. 

In  order  to  thoroughly  study  the  processes  and 
effects  resulting  In  electrode  surface  damage,  the 
following  questions  should  be  addressed: 


Table  1 

Listing  of  Surface  Daaage/Alteratlon  Effects 


Effect  j  Significance 


Material  Removal  Increase  In  Breakdown 

(Erosion)*  Voltage 

Micro  Cracks  (Hexagonal  Possible  fracturing  of 

'Riverbed')*  Electrode,  Bulk  Material 

keaoval;  Subsequent 
Failure  to  Operate 

Material  Transfer  Surface  Stability  & 

Electrode  to  Electrode*  Erosion  Rate;  A  Function 

of  Opposite  Electrode 

Macro  Cracka*  Fracturing  of  Electrode 

Subsequent  Failure  to 
Operate 

Macro  Protrusions  Reduction  In  Breakdown 

Voltage 

Micro  Protrusions  Alteration  of  Breakdown 

Voltage  Stability 

Chemical  Compound  Alteration  of  Breakdown 

Forma' ion  on  Surface  Voltage  Stability 

Micro  Craters  None,  Except  the  Sum 

Leads  to  Net  Material 

Removal 

*Llkely  to  be  of  increasing  importance  at  very  high 
currents. 


•  What  effect  was  observed? 

•  What  Is  Its  lmportsnce  to  spark  gap  perform¬ 
ance  (via  electrode  erosion  for  example)? 

•  What  Is  (are)  the  cause(s)? 

•  How  can  It  be  correeted/altered/deslgned 
around? 

A  listing  of  some  of  the  surface  alterations  which 
have  occurred  are  given  In  Table  1  along  with  a  brief 
summary  of  their  significance. 


*Supported  by  AFOSR 


Specifically,  the  work  reported  here  will  concen¬ 
trate  primarily  on  one  of  these  effects,  nanelv, 
surface  cracking  and  the  resulting  hexagonal  structure 
in  stainless  steel. 


Experimental  Setup 


The  electrode  erosion  experiments  described  below 
were  performed  on  the  Mark  1!  energy  storage  and  spark 
gap  system.  The  spark  gap  was  coaxial  In  design  and 
was  essentially  like  the  one  shown  In  Figure  I.  (Some 
modifications  have  been  made  to  allow  for  water 
cooling  of  the  electrodes  and  Inner  gap  housing  In 
order  to  remove  the  bulk  heat  at  high  rep -rates  and 
high  Coulomb  transfer.)  The  spark  gap  was  designed 
for  frequent  electrode  and  insulator  replacement  and 
to  allow  for  accurate  control  of  the  electrode  align¬ 
ment  and  gap  spacing. 
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The  heal spher lea  1  ly  shaped  electrode*  are  all 
2.5  ca  In  dlaaeter  and  were  attached  to  a  atalnleaa 
ateel  (304)  electrode  holder.  The  lnaulator  lnaerta 
provide  protection  for  the  aaln  gap  homing  and 
atudle*  of  the  aurfacea  of  theae  lnaerta  have  given 
lnforaatlon  about  the  lnaulator  damage  resulting  froa 
the  discharge  byproducts  (1).  A  detailed  description 
of  the  spark  gap  asaaably  and  diagnostic  systems  are 
given  elsewhere  12);  however,  the  operating  paraaeters 
for  the  gap  are  summarized  in  Table  11. 


Table  II 

Mark  II  Operating  Conditions 


(b)  200  ua  I  . . 


Cap  Spacing 

Voltage 

Current 

Capacitance 

Charge /Shot 

Energy/Shot 

Pulse  Width 

Rep-Rate 

Pressure 


The  analysis  of  the 
using  several  pieces  of 
model  595  Auger  Electron  S 
Scanning  Electron  Micro 
Optical  Microscope. 


<  0.75  ca 

<  30  kV 

<  25  kA 
21  UF 

0.6  Coul 

<  9  kJ 
25  us 

5  pps 

1  ata  (absolute) 


electrodes  was  perforaed 
equipment  including  a  PHI 
pectroaeter,  a  JE0L  JSM-2 
irope  and  an  Olyapus  BHM 


Results 


Previous  experiments  perforaed  by  the  authors  |3] 
have  shown  that  stainless  steel  (304)  electrodes 
subjected  to  50,000  shots  showed  a  significant 
reduction  In  alactrode  erosion  (1.5  to  0.7  pca^/coul) 
when  the  switching  gas  was  changed  froa  air  to 
nitrogen.  The  surfaces  of  these  electrodes,  shown  in 
Figure  2s,b,c  indicate  a  regular  surface  pattern  with 
cracks  slallar  In  appearance  to  a  dried  up  river 
bed. 


(c)  2  am 


Figure  2.  Surfaces  of  stainless  steel  (304)  cathode 
(a)  in  air,  low  aagnl f icat Ion;  (b)  in  air, 
high  aagnl f  1  cat  1  on ;  (c)  in  nitrogen,  lo» 
magnification. 
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(b)  SO  iii 


Figure  J.  Croaa  aactlona  of  atalnlcaa  ataal  (301) 
cathode:  (a)  In  air;  (b)  In  nitrogen. 


chealcal  reaction  leading  to  aaterlal  reeoval  at  the 
aanganeae  eltea.  However,  alnce  many  acre  aanganeae 
altea  exlat  than  thoae  occurring  Juet  at  the  cracke. 
It  waa  concluded  that  the  reaultlng  eurface  foraatlon 
waa  a  combination  of  both  temperature  cycling  and 
chealcal  attack. 


However,  further  examination  of  the  crecka  ah own  in 
Figure  4a, b  revealed  thet  the  crack  orientation  waa 
coincident  with  aanganeae  'atrlngera*  preaent  In  the 
eteel,  which  are  perpendicular  to  the  eurface 
(perallel  to  the  length  of  the  rod  froa  which  the 
electrode  tip  waa  cut). 


To  validate  the  laportance  of  the  atrlngera,  an 
experiment  waa  perforaed  ualng  a  cathode  (304)  which 
waa  cut  ao  that  the  atrlngera  ran  parallel  to  the 
eurface  of  the  eteel  and  an  anode  which  had  the 
original  orientation  to  eerve  aa  a  control.  The 
reaultlng  aurfacea  ahown  In  Figure  Sab  Indicated  that 
no  eurface  cracking  occurred  In  the  cathode  (aa 
expected),  whereae  the  anode  reaained  the  eaao. 


Figure  5.  Surfaces  of  stainless  steel  (304)  In  air: 

(a)  cathode— -cut  so  that  stringers  ran 
parallel  to  the  surface;  (b)  anode — the 
sane  as  previous  runs . 

In  addition,  at  the  suggestion  of  the  ateel 
aanuf acturer ,  a  second  steel  was  tried  (316)  which 
eight  have  lower  sulphur  contents  The  results,  shown 
In  Figure  6a, b,  also  Indicate  an  absence  of  cracks, 
although  no  significant  reduction  In  bulk  erosion 
occurred. 

One  should  not  conclude  from  these  experleents 
thst  surface  cracking  requires  the  presence  of 
eanganese  stringers  or  even  chenlcal  attack — any 
eechanlsn  which  leads  to  a  weakening  of  the  aaterlal 
surface  during  teaperature  cycling  can  prove  suffi¬ 
cient  to  produce  the  observed  structure.  Indeed, 
crack  foraatlon  has  been  observed  by  the  authors  snd 
others  In  electrodes  aade  of  copper  In  a  tungsten 
aatrlx  (3-3)  and  tantalua  (6),  although  the  processes 
leading  to  the  surface  cracking  are  unclear. 

Exaalnatlon  of  electrodes  run  for  2,000,  10,000 
and  30,000  shots  Indicated  that  the  depth  of  the 
cracks  Increases  with  shot  nuaber  and,  although  the 
daaage  at  30,000  shots  (80  ya  cracks)  was  not  enough 
to  produce  catastrophic  failure  of  the  electrode.  It 
la  quite  plausible  that  for  noraal  switching  use 
(10®  to  10®  shots)  crack  foraatlon  could  present  a 
significant  aaterlals  problea. 


(b)  200  Ua  I - 1 


Figure  6.  Coaparlson  of  cathode  surfaces  of  two 
different  stainless  steels:  (a)  316; 

(b)  304. 
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The  erosion  of  several  dielectrics  has  been  Inves¬ 
tigated  In  a  single  channel  surface  discharge  switch 
(SDS).  The  switch  wsa  operated  In  an  oscillating 
circuit  in  a  self  break  aode  (capacitance  1.85  UP, 
charged  to  40  kV,  peak  current  130  kA,  charge  transfer 
.74  C/ehot,  frequency  300  kHz).  Delrln,  Teflon,  and 
the  epoxy-fiberglass  laalnate  G-10  were  used  as  dielec¬ 
tric  surfaces  with  Copper-Tungsten  (K33)  electrodes. 
Repetition  ratea  on  the  order  of  1/3  pulse  per  second 
(pps),  which  Increased  during  operation  aa  the  surface 
eroded  and  the  breakdown  voltage  decreased,  were  uaed. 
Delrln  withstood  100  shots  before  the  1.6  an  thick 
sawple  welted  through.  Teflon  eroded  at  a  lesser 
rate.  G-10  samples  quickly  shattered  or  developed  a 
carbonized  track  which  lowered  the  breakdown  voltage  to 
5  kV. 


Introduction 

Very  little  lnfornatlon  can  be  found  on  Insulators 
which  have  been  cesced  to  repetitive  high  level 
currents  In  excess  of  MA's,  but  various  dielectric 
materials  are  considered  aa  Insulators  In  pulsed  power 
applications  due  to  their  availability  and  cost.  G-10, 
for  exawple,  has  been  used  In  rail  guns,  primarily  due 
to  Its  case  of  machining  and  aechanlcal  strength.  In 
such  sn  application,  the  C-10  la  subjected  to  MA  cur¬ 
rent  levels  at  a  very  low  rep-rate.  The  present  exper- 
laent  uaea  field  enhanced  electrodes  which  confine 
currents  In  excess  of  100  kA  to  a  highly  localized 
region  on  the  Insulator  surface. 

The  purpose  of  this  paper  la  to  describe  the 
erosion  of  Delrln,  Teflon,  and  C-10  aa  they  were  sub¬ 
jected  to  high  current  levels.  Hold-off  voltage  char¬ 
acteristics  of  the  three  dielectric  materials  were 
aeasured  and  are  reported.  It  Is  Interesting  to  note 
the  draatlc  difference  of  130  kA  switching  effects  on 
the  dielectrics  as  compared  to  previous  5  kA  switching 
studies.  G-10  for  exasple,  exhibited  the  best  charac¬ 
teristics  for  5  kA  switching  (1],  but  was  the  poorest 
for  130  kA  switching.  Despite  the  gross  erosion  pat¬ 
tern  left  on  the  Its  samples,  Delrln  exhibited  far 
superior  performance  compared  to  G-10.  Finally,  Teflon 
exhibited  the  best  overall  characteristics  of  the  three 
aaterlals  tested. 


Experimental  Arrangement 

Aa  shown  In  Fig.  1,  the  dielectric  samples  were 
Inserted  Into  a  6  Ohm,  1  a  long  strip  line.  The  elec¬ 
trodes,  aade  of  K  33,  can  be  continuously  adjusted  to 
accommodate  gap  separations  froa  0  to  30  ca.  The  strip 
line  shown  la  20.3  ca  wide  and  the  separation  is  pro¬ 
vided  by  a  Blue  Nylon  dielectric,  30.5  ca  wide  and 
.65  ca  thick.  The  energy  storing,  1.85  pF,  Scyllac 
capacitor,  shown  in  Fig.  2,  le  Integrated  into  the 
strip  line  sad  can  store  1.48  kJ  of  energy  when  charged 
to  40  kV.  The  DC  charged  SDS,  operated  In  air,  la 
allowed  to  self  break  at  about  40  kV  Initially,  and 
allowed  to  free  run,  at  about  1/3  pps,  as  determined  by 
the  self  break  voltage  which  decreased  as  the 
dielectric  surface  eroded  away.  Roth  the  voltage  and 


current  waveforms  are  damped  RLC  In  nature,  with  their 
amplitudes  determined  by  the  charging  voltage.  The 
best  resulte  of  130  kA  peak  current  and  0.74 
Coulombs/ahot  charge  transfer  were  obtained  across  a 
3.5  cm  gap. 


Fig.  1  Surface  Discharge  Switch 
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DIELECTRIC 


Fig.  2  Experimental  Setup 


Results 


1)  Hold-off  voltage,  2)  total  charge  transferred, 
and  3)  total  energy  transferred  are  plotted  against  the 
number  of  shots  for  a  typical  C-10  sample  In  Fig.  3. 
After  the  first  few  preconditioning  shots,  the  hold-off 
voltage  dropped  quite  drastically.  As  shown  In 
Fig.  4,  two  different  levels  of  forced  air  cooling  Is 
compared  to  no  cooling  with  no  significant  Improvement. 
Fig.  5  shows  the  cold  recovery  after  the  surface  has 
been  allowed  to  cool,  but  not  long  enough  for  the 
surface  charge  to  be  discharged  (surface  resistance  of 
sample  times  the  capacitance  »  cooling  time).  Visual 
Inspection  by  the  naked  eye  of  the  C-10  samples  with  a 
severely  reduced  hold-off  voltage  (approximately  1/10 
of  Initial  hold-off  voltage),  showed  signs  of  a  carbon¬ 
ized  track  approximately  0.5  b  wide  burned  between  the 
two  electrodes,  as  shown  In  Fig.  6. 


1.0  -t  m  A  Velocity^  <  Velocity  ? 


W/0  AIR 


•WITH  AIR  (Velocity^ 
■  WITH  AIR  (Velocity^) 


#  OF  SHOTS 

Fig.  4  Effect  of  Forced  Air  Cooling  on  G-10 
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Fig.  5.  Cold  Recovery  of  C-10. 


ENERGY 


V  ' 

^  . ' 

/-  .  • 

/.Hf -  CHARGE 

/  •• 

V-  .  • 


20  40 

#  OF  SHOTS 


Fig.  3  Typical  C-10  Hold-Off  Voltage  Flot 


Fig.  6  Erosion  Pattern  on  C-10 
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Delrln 

1)  Hold-off  voltage.  2)  total  charge  traneferred, 
and  3)  total  energy  transferred  are  plotted  against  the 
nuaber  of  shots  for  a  non  air  cooled  Delrln  sanple  In 
Pig.  7.  In  the  case  of  air  cooled  samples,  there  Is 
quite  an  lapresslve  improvement  over  the  non  air  cooled 
sample,  as  can  be  seen  In  Pig.  8.  Cold  recovery  of 
Delrln  using  the  same  method  as  In  the  G-10  sample, 
shows  that  the  material  can  recover,  unlike  the  C-10 
sample.  A  non  air  cooled  sample  is  plotted  to  show 
the  cold  recover;  of  Delrln  in  Pig.  9.  A  typical 
erosion  pattern  on  Delrln  is  shown  In  Pig.  10  and  It 
can  be  seen  that  the  erosion  pattern  Is  rsther  uniform  - 
It  is  Interesting  to  note  that  Nylon  66  samples  were 
also  tested  and  showed  almost  Identical  patterns  over¬ 
all  to  those  of  Delrln  and  thus  not  reported  separately 
here . 
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Fig.  9  Cold  Recovery  of  Delrln 
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Pig.  7  Non  Air  Cooled  Delrln  Hold-Off  Voltage  Plot 
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Pig.  8  Effect  of  Forced  Air  Cooling  on  Delrln 


Fig-  10  Erosion  Pattern  on  Delrln 


In  Fig.  11,  1)  Hold-off  voltage,  2)  total  charge 
transferred,  and  3)  total  energy  transferred  are 
plotted  against  the  nuaber  of  shots  for  a  non  air 
cooled  Teflon  aaaple.  As  can  be  seen  from  the  figure, 
the  hold-off  voltage  remained  consistently  high 
throughout  the  run.  Forced  air  cooling  on  Teflon 
samples  seemed  to  have  an  effect  as  It  did  for  the 
Delrln,  but  the  results  did  not  seem  as  significant 
due  to  the  consistently  high  hold-off  voltage.  Due  to 
this  high  hold-off  voltage  characteristics.  It  Is 
difficult  to  determine  whether  the  Teflon  has  actually 
recovered  for  the  test  shown  In  Fig.  13.  Figure  14 
shows  the  erosion  pattern  left  on  a  Teflon  sample. 
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Fig.  11  Non  Air  Cooled  Teflon  Hold-Off  Voltage  Plot 


Pig.  14  Erosion  Pattern  on  Teflon 


Discussion  of  Results 

Johnson  [2],  Measured  no  significant  reduction  of 
the  hold-off  voltage  of  C-10  and  Delrln  at  relatively 
low  current  levels  even  after  exposing  then  to  several 
thousand  shots  at  current  levels  of  a  few  thousand 
Aaperes.  It  Is  clearly  evident  that  the  erosion  of 
dielectric  Materials  depend  very  heavily  on  the 
aaxlDum  current  as  Is  especially  evident  for  C-10. 
For  Delrln,  the  hold-off  voltage  depends  very  heavily 
on  the  surface  temperature  and  not  the  physical 
volumetric  erosion.  With  no  prior  reports  on  Teflon 
It  Is  lnpossible  to  make  any  type  of  contrasting 
comparison  but  Teflon  seems  very  promising  as  a  high 
current  insulator  for  these  types  of  applications. 


Fig.  12  Effect  of  Forced  Air  Cooling  on  Teflon 
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►  A  common  field  distortion  triggered  spark  gap  utilizing  geometric  field  enhancement  at  sharp 
edges  usually  operates  in  a  cascade  mode  via  the  trigger  electrode.  A  new  trigger  concept  is 
proposed  allowing  strong  field  enhancement  and  direct  breakdown  between  the  two  main 
electrodes.  A  test  setup  was  designed  to  prove  the  feasibility  of  this  concept.  Experimental  results 

|  on  delay  and  jitter  depending  on  percent  breakdown  voltage  are  presented.  Best  results  achieved 

are  a  delay  of  9  ns  and  a  jitter  of  2  ns  at  a  self-breakdown  voltage  of  1 5  k  V. 

> 


I.  INTRODUCTION  AND  TRIGGER  CONCEPT 

Spark  gaps  using  field  distortion  triggering  are  initially 
designed  to  provide  hold-ofT  voltage  without  trigger,  and  a 
trigger  electrode  shaped  and  located  on  an  equipotentia!  sur¬ 
face  in  the  gap  is  then  added.  Triggering  is  accomplished  by 
abruptly  changing  the  potential  of  this  electrode,  thereby 
increasing  the  field  between  the  trigger  electrode  and  one  of 
the  gap  electrodes.  A  typical  example  is  the  three  electrode 
gap  with  a  blade  as  a  midplane  trigger  electrode  located  ap¬ 
proximately  half  way  between  the  main  electrodes. 1  In  the 
hold-off  state  the  blade  is  in  the  plane  of  an  equipotential  and 
no  field  enhancement  is  generated  at  the  edge  of  the  blade. 
By  changing  the  potential  of  the  trigger  electrode  a  very 
strong  field  enhancement  at  the  edge  can  be  produced.  Since 
the  maximum  field  enhancement  occurs  at  the  trigger  elec¬ 
trode,  however,  the  switch  operates  usually  in  a  cascade 
mode  in  which  the  gap  between  one  electrode  and  the  trigger 
electrode  is  first  closed  (initiated  by  the  trigger  pulse)  and 
then  the  second  half  of  the  gap  is  closed  by  the  voltage  across 
the  switch. 

To  allow  for  geometrically  enhanced  field  distortion 
and  still  to  avoid  cascade  breakdown,  field  enhancement  at 
an  edge  of  one  of  the  main  electrodes  can  be  used.  This  edge, 
however,  must  also  be  shielded  in  the  hold-off  state  of  the 
gap.2  A  schematic  diagram  of  a  spark  gap  based  on  this  con¬ 
cept  is  shown  in  Fig.  1.  In  this  device  the  trigger  electrode  is 
used  to  shape  the  electric  field  intensity  in  the  gap  in  both  the 
hold-off  state  and  the  triggering  state.  In  the  hold-off  state 
the  trigger  electrode  is  kept  at  the  same  potential  as  electrode 

(l)and  its  surface  towards  the  gap  is  shaped  to  minimize  the 
geometric  field  enhancement  effects  at  the  main  gap  elec¬ 
trode,  thereby  maximizing  the  hold-off  voltage.  In  the  trig¬ 
gering  state  the  potential  of  the  trigger  electrode  is  moved 
towards  the  potential  of  electrode  (2).  The  trigger  electrode 
subsequently  serves  to  enhance  the  field,  providing  im¬ 
proved  triggering,  in  two  ways:  moving  the  equipotential 
toward  one  gap  electrode,  and  simultaneously  turning  on  the 
geometric  field  enhancement.  Such  a  trigger  concept  com¬ 
bines  several  advantages: 

(1)  Geometrically  enhanced  field  distortion  can  be  uti¬ 
lized. 

(2)  The  strongest  field  enhancement  occurs  at  one  of  the 
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main  electrodes,  and  breakdown,  without  cascading  via  the 
trigger  electrode,  is  possible. 

(3)  Since  the  electrode  can  be  shape  without  changing 
the  hold-off  performance,  the  field  enhancement  at  a  main 
electrode  can  be  much  larger  than  in  common  field  distor¬ 
tion  triggering. 

(4)  Shape  and  surface  conditions  of  this  main  electrode 
do  not  determine  the  hold-off  performance  of  the  gap,  mak¬ 
ing  the  gap  more  independent  of  erosion. 

This  concept  would  have  to  be  applied  to  both  main  elec¬ 
trodes  for  protection  of  both. 

II.  TEST  SETUP 

The  experimental  setup  used  to  test  this  trigger  concept 
is  shown  in  Fig.  2.  A  parallel  plane  line  was  used  as  charging 
and  transmission  line  (total  impedance  —12.5  /?).  The 
switch  consisted  of  eight  individual  gaps.  The  upper  conduc¬ 
tor  of  the  lines  was  divided  into  eight  individual  stripes  to 
provide  for  transit  time  insulation  of  the  individual  gaps  (im- 


FIG  I  Schematic  disgram  of*  spark  gap  with  geometrically  enhanced  field 
distortion  at  the  main  electrode 
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PIO.  2.  Experimental  letup. 


pedance/stripe  —  100  fi ).  The  time  constant  for  the  transit 
time  insulation  could  be  varied  in  the  range  of  0-5  ns  by 
moving  metal  bars  connecting  the  individual  transmission 
and  charging  lines. 

Two  different  electrode  configurations  were  used  as 
shown  in  Fig.  3.  The  configuration  (A)  uses  one  triangular 
shaped  main  electrode  (1)  with  a  pair  of  two  rods  as  trigger 
electrodes  and  one  rounded  main  electrode  (2),  while  the 
configuration  (B)  uses  a  symmetric  configuration  with  two 
triangular  main  electrodes.  The  trigger  electrodes  in  any 
case  were  pairs  of  rods  triggering  all  eight  individual  gaps  at 
the  same  time  as  demonstrated  for  the  configuration  (B)  in 
Fig.  4.  Bare  stainless  steel  bars  as  well  as  bars  covered  with  a 
dielectric  material  (glass  tubes  or  epoxy)  or  with  a  resistive 
material  (graphite-filled  epoxy)  have  been  used. 

The  trigger  circuits  are  shown  in  Fig.  5.  The  trigger 
pulse  was  provided  by  a  secondary  gap  which  was  operated 
in  the  self-breakdown  mode  and  the  breakdown  voltage  was 
adjusted  through  changing  the  secondary  gap  electrode  sep¬ 
aration  In  the  hold-off  state  the  trigger  electrodes  are  at  the 
potential  of  the  adjacent  main  electrode  When  the  secon¬ 
dary  gap  fires  the  potential  of  the  trigger  electrode  is  driven 
towards  the  potential  of  the  opposite  electrode. 

For  the  circuits  (A),  (B),  and  (C)  the  full  charging  vol¬ 
tage  of  the  line  can  be  applied  to  the  trigger  electrode,  while 
for  the  circuit  (D)  both  trigger  electrodes  potentials  move 
towards  the  midplane  potential  of  the  gap. 
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FIG.  4.  Trigger  electrode  erreafcment. 


III.  EXPERIMENTAL  RESULTS 

The  experiments  performed  concentrated  on  the  spark 
gap  performance  with  respect  to  delay  and  jitter  depending 
on  the  applied  voltage  in  percent  of  the  breakdown  voltage. 
The  first  experiments  to  determine  the  optimum  type  of  trig¬ 
ger  electrode  and  polarity  were  performed  with  an  electrode 
geometry  as  shown  in  Fig.  3(a)  and  a  circuit  as  shown  in  Fig. 
5(a).  Although  the  system  could  be  triggered  with  either  po¬ 
larity,  clearly  better  trigger  results  were  obtained  with  the 
electrode  ( 1 )  being  at  positive  potential  and  the  trigger  elec¬ 
trode  being  dnven  towards  a  negative  potential.  Triggering 
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was  possible  with  all  types  of  trigger  electrodes  used.  Bare 
netal  rods  as  trigger  electrodes  had  the  disadvantage  that  a 
very  precise  symmetric  alignment  was  necessary  to  avoid 
arcs  between  the  trigger  electrode  and  the  main  electrode. 
The  best  results  were  obtained  with  electrodes  covered  with 
a  dielectric  layer  (glass  or  epoxy).  Since  the  system  perfor- 
mance  did  not  depend  on  repetition  rate  (10_J-1  Hz)  surface 
charges  on  the  surface  of  the  dielectric  seemed  not  to  affect 
the  performance  of  the  trigger  method  at  these  low  repetition 
rates.  Surface  charges  could  be  eliminated  with  resistive  lay¬ 
ers  instead  of  a  dielectric,  but  arcing  to  the  trigger  electrode 
again  required  precise  alignments  unless  layers  with  high 
resistivity  were  used  (thickness  —0.5  mm,  resistivity  — 106 
A  cm). 

The  circuits  in  Figure  5(b)  and  5(c)  are  equivalent  to 
circuit  (A)  since  only  one  pair  of  trigger  electrodes  changes 
its  potential.  No  significant  differences  in  the  performance  of 
the  spark  gaps  was  realized  for  these  circuits  as  long  as  the 
right  polarity  was  used.  The  performance  of  the  gap  with  the 
circuit  shown  in  Figure  5(d)  was  significantly  worse  with 
respect  to  delay  and  jitter. 

The  optimum  position  of  the  trigger  electrodes  was  de- 
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FIG  6  Self-breakdown  voltage  as*  function  of  trigger  electrode  petition  (a) 
and  electrode  geometry  (b| 


termined  through  measurements  of  the  self-breakdown  vol¬ 
tage  shown  in  Fig.  6(a).  In  these  experiments  the  pair  of  trig¬ 
ger  electrodes  was  moved  in  the  direction  of  the 
interelectrode  spacing  as  shown  in  Fig.  6(b).  The  results 
clearly  show  the  shielding  of  the  edged  main  electrode  result¬ 
ing  in  an  increase  of  the  self-breakdown  voltage  of  more  than 
a  factor  of  2  compared  to  the  gap  without  trigger  electrodes. 
For  optimum  shielding  no  significant  difference  was  ob¬ 
served  for  the  two  different  types  of  trigger  electrodes.  The 
maximum  self-breakdown  voltage  observed  is  nearly  the 
uniform  field  breakdown  value. 

The  following  measurements  on  the  trigger  perfor¬ 
mance  were  obtained  with  the  circuit  in  Fig.  5(a)  and  5(d)  and 
a  positive  charging  voltage.  All  experiments  are  performed 
in  atmospheric  air.  The  rise  time  of  the  trigger  pulse  was  of 
the  order  of  12  ns.  Delay  and  jitter  were  determined  by  mea¬ 
suring  the  time  between  the  voltage  rise  at  the  trigger  elec¬ 
trode  and  at  the  main  electrode.  Figure  7  shows  the  delay 
depending  on  percent  self-breakdown  voltage  (%  VSB )  for 
the  two  circuits.  It  should  be  pointed  out  that  the  maximum 
voltage  of  the  trigger  pulse  always  equals  the  charging  vol¬ 
tage  in  the  circuit  used.  So  with  a  decreasing  value  of  %  ViB 
the  maximum  voltage  of  the  trigger  pulse  automatically  de¬ 
creased. 

As  demonstrated  in  Fig.  7,  a  minimum  delay  time  of  9 
ns  was  achieved  with  circuit  Fig.  5(a)  for  a  self-breakdown 
voltage  of  15  kV.  Above  90%  VtB  self-breakdown  the  delay 
does  not  significantly  change  with  %  V %B  as  required  for 


FIG  7  Delay  v»  %  lelf-breakdown  voltage  for  two  trigger  circuit! 
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FIG.  t.  Jitter  v»  %  iclf-breakdown  voluge  for  two  trigger  circuits 
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multichanneling  or  parallel  triggering  of  several  gaps. 

Figure  8  shows  the  jitter  depending  on  %  V„  for  the 
same  operation  conditions  as  in  Fig.  7.  The  jitter  shown  here 
is  the  maximum  jitter  in  a  series  of  20  shots.  Close  to  100% 
y„  a  jitter  of  ~  2  ns  could  be  achieved. 

These  results  were  also  proven  through  parallel  oper* 
ation  of  the  eight  gaps  with  one  pair  of  trigger  electrodes  for 
all  gaps  as  shown  in  Fig.  4.  With  a  transit  time  insulation  of  5 
ns,  parallel  triggering  of  all  gaps  was  achieved  if  the  charging 
voluge  was  kept  above  95%  Ks#.  Fine  adjustment  of  the 
self-breakdown  voluge  of  each  gap  was  difficult,  however, 
and  it  is  likely  that  some  gaps  were  operated  at  significantly 
lower  values  of  %  ViB . 

IV.  DISCUSSION 

The  exploratory  experiments  demonstrate  the  feasibil¬ 
ity  of  the  proposed  field  distortion  trigger  concept.  Results 
on  delay  time  and  jitter  indicate  that  this  method  may  be 
suiuble  for  multichanneling  and  the  parallel  operation  of 
spark  gaps.  Field  code  calculations  are  required  to  optimize 
the  geometry  for  a  maximum  hold-off  voluge  in  the  off-sute 
and  maximum  field  enhancement  in  the  on-sute.  Further 
experiments  are  required  with  a  test  gap  allowing  operation 
in  different  gases  with  variable  pressure  and  a  trigger  circuit 
allowing  the  independent  variation  of  %  VtB  and  trigger 
pulse  parameters. 

The  physical  mechanisms  responsible  for  triggering  are 
of  interest.  Referring  to  Fig.  1,  in  the  triggered  sute  with  the 
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trigger  electrode  connected  electrically  to  electrode  (2),  a 
very  high  electric  field  exists  in  the  vicinity  of  electrode  ( 1 ), 
while  a  much  reduced  field  is  produced  in  the  main  gap  re¬ 
gion  between  the  trigger  electrode  and  electrode  (2).  Two 
mechanisms  for  triggered  breakdown  seem  possible.  In  the 
first,  a  streamer  is  launched  inside  the  high  field  region,  and 
propagates  past  the  trigger  electrode  into  the  low  applied 
field  region.  Propagation  continues  because  the  streamer 
body  forms  a  weakly  conducting  needle  connected  to  elec¬ 
trode  (1),  thereby  producing  high  electric  fields  in  the  vicini¬ 
ty  of  its  tip.  After  the  streamer  has  traversed  the  gap,  ohmic 
heating  occurs  and  converts  the  weakly  conducting  channel 
left  by  the  streamer  into  an  arc  channel. 

In  the  second  case,  initial  breakdown  occurs  through  a 
purely  Townsend  mechanism.  In  this  case,  the  criterion  for 
breakdown  is  that  sufficient  electron  avalanche  multiplica¬ 
tion  occurs  so  that  one  electron  leaving  the  cathode  may 
reproduce  itself  at  the  cathode  through  the  avalanching  and 
other  appropriate  secondary  processes.  Here,  the  relevant 
quantity  is  the  electron  amplification  due  to  impact  ioniza¬ 
tion,  A  =*  So°{E  \dx,  where  E  =  E  (x)  is  the  applied  field,  as¬ 
suming  no  space-charge  distortion.  E  is  subject  to  the  con¬ 
straint  SoE  (x)dx  —  V,  where  V is  the  gap  voltage.  Since  the 
impact  ionization  coefficient  a  is  a  strongly  increasing  func¬ 
tion  of  field  for  fields  around  the  breakdown  field,  the  ampli¬ 
fication  factor  A  will  be  much  larger  for  the  highly  nonuni¬ 
form  field  produced  in  the  triggering  state  than  for  the 
uniform  field  produced  when  the  triggering  electrode  is  con¬ 
nected  to  electrode  (1).  Thus,  according  to  the  Townsend 
criterion,  the  gap  may  be  strongly  overvolted  in  the  triggered 
configuration,  while  remaining  undervolted  in  the  normal 
configuration. 

The  experimental  data  on  delay  suggest  that  both 
mechanisms  occur.  For  applied  voltages  near  the  static 
breakdown  voltage,  the  delay  is  found  to  be  approximately 
10  ns.  Considering  the  substantially  reduced  field  in  the  re¬ 
gion  between  the  triggering  electrode  and  electrode  (2),  elec¬ 
trons  emitted  from  the  cathode  [electrode  (2|]  would  require 
~  50  ns  to  traverse  the  gap.  Thus,  it  seems  difficult  to  explain 
delay  times  less  than  about  100  ns  with  the  Townsend  mech¬ 
anism.  At  the  opposite  extreme,  delays  approaching  I  jrs  are 
observed  for  low  applied  voltages.  Even  considering  the  di¬ 
electric  relaxation  time  required  for  a  streamer  to  produce 
the  high  field  enhancements  needed  in  this  regime,  a  stream¬ 
er  transit  time  exceeding  100  ns  seems  unlikely.  Additional 
time  is  required,  of  course,  to  convert  this  streamer  channel 
into  an  arc  channel  but  this  time  should  not  be  a  strong 
function  of  the  applied  voltage,  and  considering  the  10  ns 
delay  observed  at  95%  VSB ,  should  not  exceed  several  tens  of 
nanoseconds  at  50%  KSB .  Thus  the  low  voltage  data  suggest 
that  a  Townsend  mechanism  is  at  work.  The  two  mecha¬ 
nisms,  streamer  and  Townsend,  are  not  incompatible,  and  it 
is  likely  that  there  is  continuous  transition  from  one  to  the 
other  as  the  gap  voltage  is  reduced. 

V.  PERSPECTIVES 

The  proposed  trigger  concept  is  well  suited  to  combine 
field  distortion  with  other  trigger  concepts  to  improve  the 
switch  performance.  The  important  feature  of  this  concept 
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here  again  is  that  the  field  enhancement  occurs  dose  to  the 
surface  of  one  main  electrode  and  that  this  main  electrode  is 
partially  shielded  from  the  field  in  the  hold-off  state. 

For  trigatrons,  it  is  well  known  that  delay  and  jitter  are 
drastically  improved  by  overvolting  the  gap.  Subsequently 
the  combination  of  a  trigatron  trigger  in  the  main  electrode 
and  a  field  enhancement  generated  by  a  field  distortion  in 
volume  dose  to  this  trigatron  electrode  could  provide  for  the 
same  condition  without  the  need  to  overvolt  the  total  gap. 
The  same  considerations  also  hold  for  those  laser  triggered 
gaps  where  the  laser  spark  is  produced  at  or  dose  to  the 
surface  of  one  main  electrodes.  The  combination  of  the  pro¬ 


posed  field  distortion  concept  with  one  of  these  trigger  meth¬ 
ods  would  therefore  provide  significantly  improved  perfor¬ 
mance  in  an  undervolted  main  gap. 
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We  present  the  results  of  numerical  field  calculation  which  supplement  a  recent  article  in 
which  we  described  a  new  design  concept  for  field-distortion  triggered  spark  gaps.  The 
calculations  verify  the  shielding  and  field  enhancement  assumptions  made  in  the  article,  and 
they  provide  insight  into  the  interaction  of  the  design  tradeoffs  associated  with  simultaneously 
maximizing  the  holdoff  voltage  and  the  triggering  capability  of  the  gap. 


Recently  we  described  a  new  design  concept  for  field-  Figure  2  shows  the  electrode  geometry  used  in  these 

distortion  triggered  spark  gaps. 1  Briefly,  the  design  consist*  calculations.  The  gap  is  taken  to  have  cylindrical  symmetry, 

ed  of  a  pointed  main  gap  electrode  shielded  in  the  untrig-  and  the  figure  shows  a  cross  section  containing  the  gap  axis, 

gered  state  by  the  trigger  electrode  as  shown  in  Fig.  1.  The  experiments  we  reported  utilized  a  linear  rather  than 

Triggering  was  accomplished  by  changing  the  potential  of  cylindrical  geometry,  but  the  fields  in  the  two  cases  should 

the  trigger  electrode  from  that  of  the  nearby  pointed  elec-  be  similar.  The  gap  field  was  calculated  using  the  code  for 

trode  to  that  of  the  opposite  main  gap  electrode.  In  this  con-  both  the  holdoff  and  the  triggered  cases  for  a  number  of 

figuration  a  very  high  field  is  generated  at  the  tip  of  the  point-  positions  of  the  triggered  electrode.  In  either  case,  the  trigger 

ed  main  gap  electrode,  causing  large  field  enhancements  and  electrode  was  connected  to  one  of  the  main  gap  electrodes.  A 

rapid  breakdown  of  the  main  gap.  We  also  reported  the  re-  17x17  element  grid  mesh  was  used  in  the  calculations, 

suits  of  proof-of-concept  experiments  which  demonstrated  Figures  3(a)  and  3(b)  show  the  equi potential  lines  for 

the  validity  of  the  design.  With  a  simple  switch  we  obtained  a  the  holdoff  and  triggered  cases,  respectively,  for  a  particular 

closing  delay  of  —  10  ns,  with  a  jitter  of  —2  ns,  for  charging  positioning  of  the  trigger  electrode  corresponding  to  the 

voluges  of  90%  of  the  static,  self-breakdown  voltage,  V SB .  maximum  field  enhancement  factor  at  the  tip  of  the  pointed 

We  have  extended  this  work  by  calculating  numerically  electrode.  The  efficiency  of  the  shielding  of  the  pointed  elec- 

the  electric  field  for  a  gap  geometry  similar  to  that  we  report-  trode  by  the  trigger  electrode  in  the  untriggered  state  is  ap¬ 
ed  on  earlier.  These  calculations  verify  the  shielding  of  the  parent  in  Fig.  3(a),  where  the  field  is  seen  to  be  reasonably 

pointed  electrode  by  the  trigger  electrode  and  the  sensitivity  uniform  throughout  the  gap  region,  with  no  field  enhance- 

of  this  shielding  to  the  position  of  the  trigger  electrode.  The  ment  in  the  vicinity  of  the  pointed  electrode.  In  the  triggered 

calculations  also  verify  the  presence  of  ve.y  high  field  en-  state,  on  the  other  hand,  shown  in  Fig.  3(b),  the  field  is 

hancements  in  the  triggered  state.  In  this  communication  we  highly  nonuniform,  with  large  fields  appearing  near  the  tip 

present  the  results  of  these  calculations  and  discuss  their  of  the  pointed  electrode.  In  this  case  the  maximum  field  is  of 

application  to  the  design  of  field-distortion  triggered  spark  the  order  of  100  times  the  uniform  field  value.  Corona  and 

gaps  such  as  we  described  previously.  other  phenomena  associated  with  high  overvoltages  would 

The  numerical  code  we  used  for  the  field  calculations  be  expected  to  appear  promptly  at  the  electrode  tip  with 
was  written  by  researchers  associated  with  the  Tetra  Corpo-  triggering. 

ration,  Albuquerque,  NM,  for  analyzing  the  field  distribu-  We  can  define  a  field  enhancement  factor  0  as  the  ratio 

tion  in  discharges  for  lasers  and  switches. JJ  Briefly,  the  code  of  the  maximum  field  at  the  surface  of  an  electrode,  £w ,  to 

operates  by  determining  a  set  of  boundary-fitted  coordinates  the  mean  field  in  the  gap,  (E  ),0  =  £„«,/(£ ).  Figures  4(a) 

which  match  the  given  boundary  value  surfaces.  Laplace's 
equation  for  the  electrostatic  potential  is  then  solved  in  these 


coordinates  using  a  successive  over-relaxation  technique, 
and  the  electric  field  is  determined  by  taking  the  gradient  of 
this  potential  numerically.  Although  the  configuration  of 
interest  here  contains  three  electrode  surfaces,  the  potential 
of  two  of  these  surfaces  is  the  same  in  the  two  states  of  inter¬ 
est  (holdoff  and  triggered)  so  that  the  boundary  condition 
specification  for  the  code  consisted  of  two  surfaces,  one  sur¬ 
face  in  each  case  containing  two  electrodes. 

*’  Present  address  Department  of  Electrics]  Engineering.  Polytechnic  Uni¬ 
versity  of  New  York.  Farmingdak.  NY  1 1 735. 

*’  Present  address:  Department  of  Electrical  Engineering,  Old  Dominion 
University,  Norfolk,  VA  23301. 


FIG  1.  Schematic  drawing  of  the  triggering  concept  discussed  is  Ref.  I 
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FIG.  2.  Drawing  ihowing  the  electrode  geometry  used  in  the  calculations 
reported  here. 

and  4(b)  show/?  at  both  the  pointed  main  gap  electrode  and 
the  trigger  electrode  as  a  function  of  trigger  electrode  posi¬ 
tion  in  the  holdoff  and  triggered  states,  respectively.  In  these 
figures  the  position  refers  to  the  center  plane  of  the  trigger 
electrode.  When  the  trigger  electrode  is  placed  well  behind 
the  tip  of  the  pointed  electrode,  we  see  that  the  field  enhance¬ 
ment  factor  £  in  the  holdoff  state  [Fig.  4(a)  ]  reaches  a  value 
of  ~6,  which  corresponds  to  the  field  enhancement  of  the 
bare,  unshielded,  pointed  electrode.  For  trigger  electrode 


AXIAL  POSITION  1**1 

FIG.  3.  Plot*  ihowing  the  calculated  equipotentials  for  the  ipark  gap  The 
politic*  refer*  to  the  center  plane  of  the  trigger  electrode  (a)  Holdoff  Mate 
(b)  Triggered  Hate. 
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FIG.  4  Ploti  ihowing  the  maximum  field  enhancement  factor  at  the  point¬ 
ed  electrode  and  the  triggered  electrode  aa  a  function  of  the  position  of  the 
center  plane  of  the  trigger  electrode,  (a)  Holdoff  Mate,  (b)  Triggered  Mate 


positioning  just  in  front  of  the  adjacent  main  electrode  point, 
the  field  enhancement  factor  falls  to  nearly  unity,  indicating 
that  the  holdoff  voltage  of  the  gap  will  be  comparable  to  that 
of  the  uniform  field  gap.  Figure  4(b)  shows  that  in  the  trig¬ 
gered  state  the  maximum  field  enhancement  at  the  main  gap 
electrode  peaks  sharply  for  a  trigger  electrode  position  about 
1.2  mm  in  front  of  the  main  electrode  tip.  For  this  design  the 
trigger  electrode  position  for  maximum  triggered  state  en¬ 
hancement  is  nearly  the  same  as  the  position  for  minimum 
holdoff  state  enhancement,  a  desirable  condition  for  achiev¬ 
ing  maximum  holdoff  voltage  with  maximum  triggering  ca¬ 
pability. 

In  the  experimental  work  we  previously  reported,1  we 
found  that  the  breakdown  voltage  in  the  untnggered  state 
was  a  strong  function  of  the  position  of  the  trigger  electrode, 
peaking  sharply  at  a  position  just  in  front  of  the  main  elec¬ 
trode  point.  In  order  to  compare  this  empirical  result  with 
our  field  calculation  results,  we  assume  that  the  breakdown 
condition  is  determined  by  the  maximum  field  found  any¬ 
where  in  the  gap.  Thus,  the  ratio  of  the  actual  breakdown 
voluge  to  the  breakdown  voltage  of  a  comparable  uniform 
field  gap  will  be  proportional  to  the  inverse  of  the  field  en¬ 
hancement  factor,  1//3.  In  Fig.  5  we  show  1//9  and  the  em¬ 
pirically  determined  breakdown  voluge,  both  normalized 
with  respect  to  the  maximum  value  in  the  untnggered  case, 
plotted  against  trigger  electrode  position  The  results  are 
similar  in  both  the  experimental  and  theoretical  cases  There 
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FIG  5 •  Plots  comparing  tbe  numerical  estimates  with  experimental  results 
for  the  maximum  holdoff  voltage  in  the  untnggered  state  as  a  function  of 
trigger  electrode  position,  (a)  Experimental  results  from  Ref  I  plotted  nor¬ 
malized  to  the  maximum  holdoff  voltage  observed  (b)  Plots  of  the  inverse 
of  the  maximum  field  anywhere  in  the  gap  (£ ')  as  a  function  of  electrode 
position,  normalized  to  the  minimum  value  of  £'(£„,* )  .  In  the  simple 
model  discussed  in  the  text,  the  trigger  electrode  position  producing  £  min 
should  produce  MAJl . 

is  a  small  difference  in  the  position  of  the  maximum  break¬ 
down  voltage  and  the  minimum  field  enhancement  factor, 
but  such  a  difference  is  not  surprising  in  light  of  the  differ¬ 
ence  between  the  geometries  in  the  experiment  and  calcula¬ 
tion,  and  the  simplicity  of  the  assumption  that  the  break¬ 
down  voltage  is  determined  solely  by  the  maximum  value  of 
the  field  anywhere  in  the  gap 

We  have  shown  that  with  proper  understanding  of  the 
physical  mechanisms  involved  in  the  triggered  breakdown  of 
spark  gaps,  new  and  potentially  improved  designs  for  these 
devices  can  be  generated  Clearly,  more  experimental  work 


is  required  to  refine  and  determine  the  limits  of  the  design 
concept  we  proposed  earlier.1  Of  perhaps  more  importance, 
however,  is  the  development  of  understanding  of  the  trig¬ 
gered  breakdown  process  itself  in  these  gaps  We  believe  that 
breakdown  is  initiated  by  the  creation  of  a  streamer  in  the 
highly  field-enhanced  region  just  outside  the  pointed  main 
gap  electrode  which  then  propagates  across  the  gap  Very 
little  quantitative  information  is  available,  however,  about 
the  propagation  of  streamers  in  such  highly  nonuniform 
fields.  Even  less  is  known  about  the  propagation  of  these 
streamers  in  the  substantially  reduced  field  present  in  the 
gap  between  the  trigger  and  the  opposite  main  gap  elec¬ 
trodes.  It  is  quite  possible  that  an  optimum  design  would 
involve  setting  the  trigger  electrode  potential  at  some  value 
between  the  potentials  of  the  two  main  gap  electrodes  in  the 
triggered  state,  or  using  a  selected  trigger  pulse  length  in 
order  to  provide  high  fields  for  streamer  initiation,  but  then 
to  provide  a  field  near  the  uniform  field  value  for  propaga¬ 
tion  across  the  main  gap. 

The  authors  are  grateful  to  Dr.  W.  Moeney  and  Dr  M 
von  Dadelszen  of  Tetra  Corporation  for  making  the  field 
calculator  code  available  to  us  and  for  helpful  comments  and 
advice  on  using  it.  This  work  was  jointly  supported  by 
AFOSR  and  ARO 


‘G  Schaerer.  B  Pashaie.  P  F  Williams.  K  H  Schoenbach.  and  H  Krom- 
pholz.  J  Appl  Phys  57,  2507  (1985) 

JP  J  Roache.  W  M  Moeny.  and  J  A  Filcoff.  in  Proceedings  of  the  ird 
IEEE  Puhed  Power  Conference.  Albuquerque.  SM.  edited  b>  T  H  Martin 
and  A  H  Guenther  (Texas  Tech  Press.  Lubbock.  1981 ).  p  282 
'P  i  Roache.  H  J  Happ.  and  W  M  Moeny,  in  Proceedings  of  the  4M 
IEEE  Pulled  Power  Conference.  Albuquerque.  JVM.  edited  b>  T  H  Martin 
and  M  F  Rose  (TexasTech  Press.  Lubbock.  1983),  p  426 


Appendix  R 


Transmission  Line  Current  Sensor 


H.  Krompholz,  K.  Schoenbach,  and  G.  Schaefer 


Department  of  Electrical  Engineering 
Texas  Tech  University 
Lubbock,  Texas  79409 


Abstract 

A  matched  slow  wave  transmission  line 
is  used  as  a  current  probe.  It  provides  a 
linear  response,  fast  risetime  (<  2  ns) 
and  high  sensitivity  (  *1  V/A)  for  current 
pulses  up  to  microsecond  duration.  The 
duration  of  a  distortionf ree  monitored 
current  pulse  is  limited  by  dispersion  in 
the  slow  wave  transmission  line. 


1.  Inductive  Current  Sensors 

Rogowski  coils  are  commonly  used  as 
current  sensors  in  pulsed  power  experi¬ 
ments.  They  consist  of  a  helical  coil 
placed  around  the  current  to  be  measured 
with  an  induced  voltage  related  to  this 
primary  current.  In  the  usual  mode  of 
operation,  the  coil  is  terminated  with  a 
small  resistance  R.  The  output  signal, 

1. e.  the  voltage  measured  across  this 
resistor  is 

V(t)  -  -  /  —  (t').xp  (-  -  dt'  (1) 

N  3  dt  v  L  ’ 

where  N  ■  number  of  turns 

L  ■  coil  inductance 
dl/dt  »  time  derivative  of  the 
current  to  be  measured. 

The  risetime  of  these  devices  is 
usually  in  the  order  of  1  ns  with  a 
sensitivity  I  1 ]  R/N  in  the  order  of  10“^ 
V/A.  For  high  current  experiments  this 
sensitivity  is  sufficient,  for  currents 
less  that  too  A,  however,  characteristic 
output  signals  are  in  the  millivolt  range 
and  therefore  susceptible  to  noise. 

2.  Transmission  line  current  sensor 

A  more  detailed  consideration  of  this 
current  transformer  -  especially  for 
temporal  variations  of  the  primary  current 
in  the  nanosecond  regime  -  has  to  take 
transit  time  effects  into  account  (2).  In 
this  approximation  the  distributed 
capacitance  between  coil  and  surroundings 
(e.g.  an  electrostatic  shield)  enters  as 
additional  parameter.  The  equivalent 


circuit  of  the  transformer  can  be  describ¬ 
ed  as  a  transmission  line  (Fig.  1)  with 
distributed  induced  voltage  sources 


v 


IHD^* 


N  w 


0 


(2»p)2 


dl 

S  —  dt 
dt 


(2) 


where p  is  the  major  diameter,  S  is  the 
cross-sectional  area  of  the  coil.  The 
probe  current  i  is  then  described  by  the 
inhomogeneous  wave  equation 


»2i  1 

»2i 

1 

d2I 

»t2  L'C' 

»t2 

N 

dt2 

and  the  boundary  conditions:  shorted  at 
one  end,  terminated  with  the  resistor  R  at 
the  other  end. 


v;ddz  m 


4, 


Fig.  1  Equivalent  Circuit 


In  order  to  illustrate  the  response  of 
such  a  transmission  line  current  sensor, 
an  input  current  I(t)  as  a  unit  step 
function  is  assumed  producing  output 
signals  as  sketched  in  Fig.  2.  Using  the 
lumped  parameter  description  for  R<< \/L/C , 
an  exponentially  decaying  output  signal  is 
produced,  whereas  the  transmission  line 
properties  generate  a  stepwise  decreasing 
function  due  to  reflections  at  both  ends 
of  the  line.  If  the  terminating  resis¬ 
tance  is  large  compared  to  the  line 
impedance,  the  output  is  oscillatory  with 
a  periodicity  of  four  times  the  transit 
time. 
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For  the  aatching  terminating  resistor 
( R-Vl/C )  the  output  voltage  is  exactly 
proportional  to  the  primary  current  for 
tines  smaller  than  twice  the  transit  time 


T  -  J  LC  (4) 

resulting  in  the  response  on  the  general 
input  I(t) 

R 

V(t)  -  —  fl(t)  -  I(t-2T>)  (5) 

2N 

Prom  equations  (4)  and  (5)  it  is 
obvious,  that  for  a  transmission  line 
transformer  the  sensitivity  and  character¬ 
istic  time  of  the  system  can  be  adjusted 
independently  from  each  other,  whereas  in 
common  Rogowski  coils  there  is  always  a 
trade-off  between  sensitivity  and  decay 
time. 


Fig.  2  Unit  Step  Response  for  Different 
Load  Resistances 


Por  the  transmission  line  probe,  two 
modes  of  operation  and  evaluation  depend¬ 
ing  on  the  ratio  of  pulse  duration  and 
twice  the  transit  time  are  possible.  If 
the  duration  of  the  primary  current  is 
larger  that  2T ,  a  simple  discrete  time 
shift  deconvolution  (inversion  of  equation 
(5))  allows  reconstruction  of  the  primary 
current  from  the  measured  voltage.  If,  on 
the  other  hand,  the  transit  time  is 
increased  to  values  larger  than  the 


duration  of  the  primary  current  pulse,  the 
probe  acts  as  an  ideal  current  transformer 
(output  voltage  exactly  proportional  to 
input  current).  High  sensitivities  in  the 
order  of  1  V/A  are  possible,  and  the 
transit  time  T  can  be  increased  by  either 
high  values  of  the  distributed  inductance 
or  the  distributed  capacitance. 

3.  Experimental  device 

In  order  to  utilize  the  concept  of  a 
waveguide  current  probe  with  high  transit 
time,  a  matched  device  has  been  construct¬ 
ed  which  consists  of  a  helix  in  a  slotted 
metallic  torus  with  high  capacitance 
between  helix  and  torus  [3]  (Pig.  3,  Data 
are  given  in  Table  1). 


Fig.  3  Experimental  Current  Probe 


Table  1 

1  (number  of  turns)  :400 

p  (major  radius)  :8.7  an 

d]«d2  (sides  of  cross  section)  :i.06  an 

L'  (inductance  per  unit  length)  si. 518  H/an 

C'  ( capacitance  per  init  length)  :  1 9 . 2  pF/cm 

z  (characteristic  impedance)  :280 

v  (propagation  velocity)  :  1 .9xlO0ari/s 

T  (transit  time)  :290  ns 

*w  (wire  resistance)  si. 8 

S"  —  (sensitivity)  :0.35  V/A 


The  probe  has  been  tested  in  a  coaxial 
50-Ohm  cavity  with  rectangular  input 
current  pulses  of  variable  duration. 
Examples  for  input  current  pulses  and 
responses  are  depicted  in  Fig.  4.  Figure 
4a  shows  the  risetime  in  the  order  of  2  ns. 
For  input  current  duration  <  200  ns  the 
output  is  proportional  to  the  input,  for 
higher  input  current  durations  increasing 
oscillations  are  observed  indicating 
deviations  from  the  simple  transmission 
line  model  (Pig.  4b,  4c). 
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directions.  The  slit  in  the  outer  conduc¬ 
tor  which  allows  the  penetration  of  the 
primary  current  magnetic  field  into  the 
probe  prevents  azimuthal  current  flow. 
This  structure  allows  modelling  of  the 
outer  conductor  with  currents  only  in 
axial  direction. 

Maxwell's  Equations  for  this  system 
have  been  solved  resulting  in  the  disper¬ 
sion  relation  for  waves  travelling  in 
axial  direction  (41 


V  is  the  angle  between  helical  and 
azimuthal  direction 

Ie»  K0,  K i  modified  Bessel  functions 
a,b  radii  of  inner  and  outer  conductor. 


Pig.  4  Measured  Probe  Responses 

a)  risetime 

b)  input  pulse  duration  160  ns 

c)  step  function  input 

4.  Limitations  due  to  dispersion 

In  order  to  describe  the  oscillation 
effects  quantitatively,  an  analysis  of  the 
system  using  field  theory  has  been 
performed.  The  helical  inner  conductor 
was  modeled  as  "sheeth-hel  ix* ,  i.e.  an 
anisotropic  conductor  with  infinite 
conductivity  in  the  direction  of  the  helix 
and  zero  conductivity  in  all  other 


Pig.  5  Dispersion  relation 


The  phase  velocity  w/k  as  a  function 
of  frequency  id  is  plotted  in  normalized 
units  in  Fig.  5.  The  previously  discussed 
transmission  line  behavior  with  neglected 
dispersion  is  given  by  the  limit  «->  0. 
Minimum  dispersion  is  achieved  for  the 
ratio  of  radii  b/a  of  /e.  Using  the 
equivalent  data  of  the  experimental  device 
in  Table  1,  Pourier  transform  has  been 
used  to  calculate  its  unit  step  response. 
The  result  is  plotted  in  Pig.  6,  where  an 
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Pig.  6  Calculated  unit  step  response 


additional  damping  factor  proportional  to 
the  frequency  has  been  assumed.  This 
factor  describes  dielectric  losses  in  the 
system.  The  agreement  between  measured 
and  calculated  behavior  is  good  consider¬ 
ing  the  simplifying  model  assumptions. 

To  minimise  dispersion,  the  concept 
of  increasing  the  transit  time  by  increas¬ 
ing  the  capacitance  has  to  be  abandoned, 
since  the  ratio  of  radii  is  fixed  to  the 
value  of  (e*  Only  the  inductance  (number 
of  turns  per  unit  length)  remains  as  a 
variable  determining  the  transit  time. 
Results  of  pulse  response  calculations  for 
an  optimized  coil  are  plotted  in  Pig.  7. 


TIME  C  nm  I 

Pig.  7.  Calculated  unit  step  response  of 
optimized  probe  (input  pulse 
risetime  2  ns) 


4.  Discussion 

Consideration  of  current  sensors  as 
transmission  lines  including  dispersion 
show  the  feasibility  for  construction  of 
distortionf ree  current  sensors  with  a 
large  transit  time  of  up  to  the  micro¬ 


second  range  and  a  sensitivity  in  the 
order  of  1  V/A.  This  sensitivity  is  high 
enough  to  measure  current  amplitudes  in 
the  order  of  mill iamperes  with  standard 
oscilloscopes . 

Further  applications  of  the  discussed 
helical  slow  wave  structures  are  in  the 
field  of  compact  pulse  generators  for 
rectangular  pulses  with  a  duration  of 
several  microseconds  and  rise  and  fall 
times  in  the  nanosecond  regime  [5]. 

Limitations  are  imposed  by  dispersive 
effects,  however,  through  careful  design 
it  is  possible  to  minimize  these  effects 
for  applications  in  electrical  diagnostics 
as  well  as  for  pulse  forming  networks. 
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Abstract 

Two  different  high  voltage,  line-type  pulsers. 
each  with  a  risetime  of  less  than  10  ns  and  a 
potential  pulse  length  greater  than  1  ps.  have  been 
designed.  constructed  and  tested.  These  devices 
produce  square  pulses  which  remain  extremely  flat  for 
the  majori ty  of  the  pulse  length.  The  pulsers  can  both 
be  described  as  an  intermediate  step  between  a 
transmission  line,  with  its  distributed  capacitance 
and  inductance.  and  a  pulse  forming  network 
constructed  with  discrete  components.  The  devices  can 
be  designed  to  have  impedances  less  than  10  f).  can  be 
switched  by  conventional  spark  gaps,  are  extremely 
compact  in  size,  and  can  be  operated  repetitively.  The 
configuration  of  such  pulsers  is  similar  to  that  of 
certain  types  of  delay  lines.  Slow  wave  structures 
s-ch  as  this  are  by  their  nature  dispersive,  which 
causes  some  distortion  of  the  tail  of  the  pulse.  This 
distortion  can  be  eliminated  by  means  of  a  crowbar 
circuit. 

Introduction 

In  many  pulsed  power  and  laser  engineering 
applications,  there  is  a  need  for  a  high  voltage 
pulser  which  has  a  risetime  of  the  order  of 
nanoseconds,  a  constant  voltage  amplitude  throughout 
the  pulse,  a  relatively  long  pulse  duration,  and  a 
moderately  low  impedance.  A  charged  piece  of  high 
voltage  cable  can  produce  a  pulse  with  a  fast  risetime 
and  a  flat  top.  but  the  pulses  are  usually  limited  in 
length  to  less  than  100  to  200  ns  due  to  practical 
considerations.  Also.  the  choice  of  impedances 
available  for  these  cables  is  rather  small.  A  pulse 
forming  network  can  deliver  a  long  pulse  and  can  be 
designed  for  a  specific  impedance,  but  these  devices 
lend  to  have  slow  risetimes  (X10X  of  the  pulse  width) 
and  pulse  amplitudes  which  vary  considerably  during 
the  duration  of  the  pulse  due  to  the  absence  of  the 
higher  harmonics  of  the  pulse  [1].  If  the  load 
impedance  is  well  defined,  an  auxiliary  network  to  the 
PFN  can  be  used  to  decrease  the  risetime  and  to  smooth 
the  top  of  the  pulse,  but  this  technique  is  not  always 
practical  to  use.  This  information  suggests  that  a 
hybrid  device  combining  the  features  of  discrete 
component  and  distributed  parameter  pulsers  iray  be  a 
solution  when  a  fast  risetime.  long  pulse  length 
pulser  is  desired. 

The  initial  motivation  for  this  work  was  the  need 
for  a  pulser  with  a  risetime  of  less  than  10  ns  and  a 
pulse  with  a  constant  voltage  amplitude  to  drive  a 
discharge  for  use  in  diffuse  discharge  opening  switch 
research  [2].  The  pulse  width  was  desired  to  be  longer 
than  400  ns.  and  the  device  was  required  to  have  an 
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impedance  of  SO  0  and  to  operate  at  voltages  greater 
than  20  kV.  In  addition,  the  pulser  was  desired  to  be 
compact,  light  in  weight,  inexpensive,  and  simple  to 
construct.  Two  different  designs  for  "hybrid"  pulsers 
were  investigated  in  an  effort  to  meet  these 
specifications  The  configuration  and  design 
considerations  of  each  of  these  is  described  below 

Design  and  Theoretical  Considerations 

One  of  the  devices  which  was  considered  is  shown 
in  Fig.  1.  It  is  a  coaxial  system  with  copper  tape 
wound  in  a  helix  around  a  form  for  the  center 
conductor  and  a  solid  outer  conductor.  The  outer 
conductor  has  a  slit  in  the  axial  direction  which 
prevents  current  flow  in  the  azimuthal  direction  The 
dielectric  for  this  pulser  is  water.  Devices  similar 


Fig.  1  Helical  line  pulser 


to  this  have  been  the  subject  of  previous 
investigations  [3).  A  qualitative  description  of  the 
operation  of  this  pulser  is  fairly  straightforward 
The  inductance  per  unit  length  for  this  device.  L".  is 
given  primarily  by  the  inductance  of  the  helical 
center  conductor.  C',  the  capacitance  per  unit  length 
in  the  pulser.  is.  in  the  first  approximation,  the 
same  as  if  the  center  conductor  were  not  a  helix  but  a 
solid  conductor.  The  characteristic  impedance  of  a 

transmission  structure  is  vTTC7  and  its  wavf 

velocity  is  1  /'J  L '  C‘.  In  this  device.  L*  is  much 
larger  than  that  of  a  coaxial  device  of  the  sar>e  size 
with  a  solid  center  conductor.  C*  is  also  larger  in 
this  case  than  it  would  be  in  a  polyethylene 
dielectric  coaxial  cable  of  the  same  size  due  to  the 
high  electric  permittivity  of  the  water  which  is  used 
as  the  dielectric  for  the  helical  line.  Since  L’  and 
C*  are  both  much  larger  than  their  counterparts  in  an 
ordinary  coaxial  line.  the  wave  velocity  is  much 
smaller  and  as  a  consequence  the  pulse  length 
characteristic  of  this  device  is  much  longer  than  the 
pulse  length  produced  by  a  coaxial  cable  of  the  sarne 
dimensions.  By  varying  the  inductance  of  the  center 
conductor  or  the  spacing  between  the  inner  and  outer 
conductors,  the  characteristic  Impedance  of  the  device 
can  be  varied 
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One  difficulty  associated  with  slow  wave  pulsers 
is  the  fact  that  all  such  devices  are  dispersive.  1. 
e. .  the  phase  velocity  In  the  device  is  a  function  of 
frequency.  This  dispersion  causes  degradation  of  the 
pulse  shape  which  tends  to  increase  with  increasing 
pulse  length.  It  has  been  shown  by  Watkins  [4]  that 
for  a  coaxial,  helical  center  conductor  delay  line, 
there  is  an  opt  Inal  value  for  the  ratio  of  the  radii 
of  the  inner  and  outer  conductors  which  ainlnlzes  the 
dispersion  of  the  pulse.  An  illustration  of  this  is 
given  in  Fig.  2..  which  is  a  plot  of  the  normalized 
phase  velocity  versus  the  normalized  frequency  of  the 
wave  which  is  propagating  in  the  device.  In  this 


FREQUENCY  0  col  V 

Fig.  2.  Phase  velocity  vs.  frequency  in  the  helical 
delay  line. 

figure,  a  is  the  inner  radius  of  the  device,  b  is  the 
outer  radius,  c  i*  the  speed  of  light  in  a  vacuum,  k 
is  the  wave  number,  u  is  the  frequency,  and  is  the 
angle  between  the  direction  of  the  conductor  in  the 
helix  and  the  azimuthal  direction.  It  can  be  seen  from 
the  figure  that  a  ratio  of  outer  conductor  diameter  to 
inner  conductor  diameter  of  1.65  is  the  optimum  value 
to  minimize  the  dispersion  in  a  helical  coaxial  line. 
Note  that  this  constraint  eliminates  the  possibility 
to  change  the  device  impedance  by  varying  C' .  so  the 
only  way  to  tune  the  pulser  to  the  desired  Impedance 
is  to  vary  the  Inductance  of  the  center  conductor. 

The  second  type  of  slow  wave  pulser  examined  in 
thjs  work  is  shown  in  Fig.  3.  It  consists  of 
alternating  conducting  and  mognetlc  wmterlal  disks. 
The  conducting  disks  are  electrically  connected  to  a 
conductor  running  through  their  centers,  and  the 
magnetic  material  disks  are  Insulated  from  both  the 
conducting  disks  and  the  center  conductor  which 
connects  them.  This  entire  structure  is  covered  by  a 
layer  of  mylar,  then  another  layer  of  copper  sheet. 
The  copper  sheet  is  the  outer  conductor  of  the  coaxial 
device,  the  alternating  disk  structure  it  the  center 
conductor,  and  the  mylar  layer  is  the  dielectric 
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Fig  3.  Magnetic  material  pulser. 

between  the  two.  From  the  figure  it  can  be  seen  that 
the  small  distance  between  the  conducting  disks  and 
the  outer  conductor  causes  the  capacitance  per  unit 
length  C'  of  this  device  to  be  very  large  compared  to 
a  coaxial  transmission  line  of  the  same  outer  diameter 
and  an  impedance  in  the  range  of  typical  coaxial 
cables  (17  -  75  D).  The  magnetic  material  disks  have  a 
high  relative  magnetic  permeability  which  causes 

the  inductance  per  unit  length  L’  to  be  much  larger 
than  that  of  a  corresponding  coaxial  transmission 
line.  Therefore,  as  in  the  helical  line,  the  wave 

velocity  1/%/  L'C’  is  much  lower  than  in  a  normal 
transmission  line  and  the  pulse  length  is  much  longer. 
The  impedance  (and  the  pulse  length  as  well)  can  be 
varied  by  changing  the  size  of  the  conducting  disks  or 
the  magnetic  material  disks.  by  changing  the 
dielectric  thickness,  by  changing  the  relative 
permittivity  of  the  dielectric,  or  by  changing  the 

Pr  of  the  magnetic  material.  Work  is  currently  in 

progress  to  model  this  device  in  a  similar  manner  to 
the  modeling  of  the  helical  line  pulser. 

Results  and  Conclusions 

A  50  (1,  1  meter  long  helical  line  of  10  cm 

outside  diameter  ard  6.06  cm  inside  diameter  was 
constructed  to  test  the  theory  presented  above.  The 
inner  conductor  is  a  64  turn  1.27  cm  wide  tape  helix 
with  approximately  0.3  cm  spacings  between  turns.  The 
helical  line  was  tested  at  low  (0  -  50  V)  voltages 
initially  as  the  charged  line  in  a  mercury  reed  switch 
pulser  to  determine  its  characteristics.  The 
oscilloscope  trace  of  the  voltage  output  is  shown  in 
Fig.  4.  The  initial  part  of  the  pulse  displays  some 
overshoot  and  the  effects  of  the  dispersion  of  the 
pulse  are  evident  its  tail.  The  risetime  of  the  pulse 
is  less  than  5  ns  and  is  limited  by  the  inductance  of 
the  connection  with  the  reed  pulser.  The  top  of  the 
pulse  is  flat  for  400  ns.  and  the  FWHM  pulse  width  is 
approximately  550  ns.  which  corresponds  to  a  transit 
rate  of  275  ns/m.  For  comparison,  note  that  the  small 
pulse  Just  before  the  beginning  of  the  helical  line 
pulse  in  Fig.  4  was  the  pulse  produced  by  the  cable 
connecting  the  helical  pulser  to  the  mercury  reed 
switch.  This  cable  is  1  meter  long,  as  is  the  helical 
pulser.  but  its  pulse  length  is  significantly  shorter. 

The  helical  line  has  also  been  tested  at  higher 
voltages  The  test  circuit  consisted  of  a  0.1  pF 
capacitor  which  was  used  to  pulse  charge  the  line 
through  a  spark  gap  and  a  350  0  Isolation  resistor 
The  pulse  produced  by  the  line  was  switched  through 
another  spark  gap  to  a  50  0  low  Inductance  load 

resistor.  A  Pearson  coil  was  used  to  measure  the 
current  delivered  to  the  load  by  the  pulser.  Figs  5a. 
5b.  and  5c  show  the  output  pulses  produced  at  charging 
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Fig  1.  Output  pulse  of  the  helical  line  pulscr  at  a 
charging  voltage  of  A  V.  The  transit  rate  is 
275  ns/m. 


Fig  5c).  CXitput  pulse  of  the  helical  line  pulscr  at  a 
charging  voltage  of  H  IcV. 

voltages  of  4-5.  6.  and  M  kV.  respectively  In  these 
figures  it  appears  that  the  high  frequency  components 
of  the  pulse  arc  being  attenuated.  It  is  believed  that 
this  is  due  to  impurities  in  the  water  dielectric  and 
thus  could  be  eliminated  in  a  cleaner  system 

A  device  to  test  the  magnetic  pulser  concept  has 
also  been  constructed.  The  device  has  an  outer 
diameter  of  slightly  over  7.8  cm.  a  conducting  disk 

diameter  of  7.62  cm  and  thickness  of  1.1  cm  The 

magnetic  disks  are  a  powdered  nickel-iron  alloy  with  a 
of  200.  They  are  square  toroids  with  an  outer 

diameter  of  6  cm  and  a  thickness  of  1.2  cm.  The  mylar 
dielectric  is  0.0127  cm  thick  and  the  device  is  23  cm 
long  (10  stages).  Fig.  6  shows  the  voltage  output  for 
this  device  obtained  with  the  mercury  reed  pulscr.  The 
output  pulse  is  100  ns  long  FWHM.  which  corresponds  to 
a  217  ns/m  transit  rate  in  the  device.  In  comparison, 
the  transit  rate  for  RC-58  cable  is  5.06  ns/m  No 

dispersive  effects  are  evident  in  this  short  section 
of  the  pulser.  but  they  should  appear  when  more  stages 
are  added. 


Fig  5b).  (Xjtput  pulse  of  the  helical  line  pulser  at  a 
charging  voltage  of  6  kV 


Fig.  6.  (Xjtput  pulse  of  magnetic  emterial  pulser.  The 
transit  rate  is  217  ns/m. 

Each  of  these  two  devices  has  a  particular  set  of 
limitations  inherent  with  its  use.  The  helical  line 
needs  a  water  dielectric  to  keep  its  Impedance  as  low 
as  possible,  which  is  generally  desirable  This 
requirement,  however.  limits  the  charge  time  and  pulse 
length  possible  with  this  device.  Also,  it  appears 
that  the  water  purity  Is  critical  to  the  operation  of 
this  device  The  magnetic  pulscr.  on  the  other  hand, 
has  a  mylar  dielectric,  which  Is  much  easier  to  use 
from  a  practical  standpoint  However,  this  device  is 
limited  In  current  by  the  saturation  flu*  of  the 
magnetic  material  If  the  current  in  this  pulsei  Is 


high  enough  to  saturate  the  Magnetic  Material,  then 
the  device  begin*  to  act  as  a  capacitor  rather  than  a 
transaission  line.  For  the  pulser  *e  constructed, 
saturation  of  the  cores  occurred  at  a  current  of 
approximately  30  A.  which  is  too  saall  to  be  of 
practical  Interest  for  aost  pulsed  pover  applications. 
However,  if  a  physically  larger  device  using  a 
Magnetic  Material  with  a  high  saturation  flux  such  as 
Hetglas  were  constructed,  usable  power  levels  could  be 
obtained.  The  charging  voltage  of  such  a  device  is 
only  Halted  by  the  dielectric,  so  the  current  is  the 
principal  Halting  factor.  Also,  in  order  to  produce 
pulsers  with  lor«  pulse  lengths,  soae  technique  to 
compensate  for  the  dispersion  of  the  pulse  should  be 
developed.  A  crowbar  circuit  is  a  brute  force  Method 
of  acctwapl ishing  this  end.  but  several  aore  elegant 
techniques  are  presently  under  Investigation. 

The  devices  described  above  could  have  a  variety 
of  applications  due  to  their  compactness.  light 
weight.  and  simplicity.  For  example.  some  gas 
discharge  lasers  operate  most  efficiently  when  the 
impedance  of  the  source  driving  the  discharge  is 


aatched  to  the  discharge  iapedance.  One  of  the  pulsers 
described  above  could  be  used  to  drive  a  few 
Microsecond  pulse  length  laser.  The  entire  system 
would  be  coaipact  and  relatively  light  in  weight  and  as 
such  would  have  a  variety  of  applications.  These 
devices  still  require  further  study.  but  their 
potential  as  useful  pulsers  is  very  promising. 
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An  electro-magnetic  method  for  injecting  a  projectile  into  a  mass  driver  using  a  conical  liner  in  proposed 


Most  of  the  serious  problems  for  electro-magnetic  ac¬ 
celerators  of  projectiles,  such  as  rail  guns"  and  ablation 
mass  drivers1  *  occur  at  the  low  velocity  section  of  the  ac¬ 
celerator,  since  most  of  the  electrode  erosion  occurs  in 
this  low  velocity  section  of  the  accelerators.  Here  the  low 
velocity  means  the  velocity  lower  than  about  1  km  s 
This  is  because  of  the  fact  that  the  heat  load  on  the  sur¬ 
face  of  the  electrode  in  the  low  velocity  section  becomes 
extremely  high  since  it  is  approximately  inversely  propor¬ 
tional  to  the  projectile  velocity. 

In  order  to  minimize  this  problem,  the  projectile 
should  have  a  high  injection  speed  into  the  accelerator. 
Using  light  gas  guns  as  injectors  to  give  an  initial  speed  to 
the  projectile,  however,  induces  other  complicated  prob¬ 
lems  since  these  guns  also  inject  large  amounts  of  gas  into 
the  discharge  chamber  where  the  armature  propels  the 
projectile.  This  can,  for  instance,  cause  restrike  at  the 
breech  of  the  gun.  The  initial  projectile  speed  should, 
therefore,  be  caused  by  other  means  than  using  gas 
pressure. 

Another  serious  problem  is  the  stiffness  of  the  ac¬ 
celerator.  The  operating  stress  for  accelerator  rails  and  in¬ 
sulators  must  be  low  enough  to  avoid  unacceptable 
mechanical  distortions.  This  latter  problem  must  be  solv¬ 
ed  by  the  careful  choices  and  the  development  of  the 
materials.  We  do  not  discuss  this  problem  in  this  work. 

The  purpose  of  the  present  letter  is  to  propose  a  new 
method  of  injecting  projectile  into  elelctromagnetic  ac¬ 
celerators.  At  the  exist  of  the  injectors,  the  projectile 
should  have  the  velocities  of  the  order  of  a  lew  km  s  1  in 
order  to  avoid  the  electrode  erosion  of  the  main  ac¬ 
celerator. 

A  potential  alternative  method  for  impacting  the 
necessary  injection  speed  to  the  projectile  is  to  use  an  im¬ 
ploding  conical  liner  which  squeezes  an  insulating  work¬ 
ing  fluid  (?.£.,  oil)  into  the  accelerator  instead  of  the  gas. 
The  driven  fluid  can  then  give  the  forward  thrust  to  the 
projectile.  This  principle  of  conical  liner  injector  is 
shown  in  Fig.  1 . 

The  dynamic  behavior  of  the  metallic  cone  is  as 
follows.  Once  the  switch  is  turned  on,  the  current  flows 
along  the  conical  surface  (conical  z-pinch).  As  long  as  the 
current  is  sufficiently  high,  the  cone  is  compressed  by  the 
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magnetic  pressure,  as  shown  in  Fig.  2.  The  eventual 
change  of  the  shape  of  the  cone  squeezes  the  fluid  into 
the  barrel  and  the  projectile,  together  with  the  ablator,  is 
propelled  by  the  fluid. 

An  estimate  of  the  attainable  velocity  is  as  follows. 
The  equation  of  motion  of  the  conical  shell  together  with 
the  fluid,  the  ablator,  and  the  projectile  is  approximately 
described  by 


(1) 


where  M  is  the  total  mass  including  the  fluid,  the  ablator 
and  the  projectile,  /  is  the  total  current  along  the  conical 
shell,  pu.  is  the  magnetic  permeability  of  vacuum,  c  is  the 
distance  along  the  cone,  and  g  is  a  constant  of  order  uni 
ty.  Here,  the  mass  of  the  moving  shell  is  neglected  If  the 
length  of  the  cone  is  h  and  the  current  is  supplied  by  a 
constant  current  source,  the  final  velocity .  tv.  obtained  is 


llJi^h  '  : 

\  pM  1 


C) 


If  the  required  speed  for  the  injection  is  tv=  10’ m  s,  eq 
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Fig  I.  Structure  of  injector  using  a  metallic  conical  liner 
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Fig  2.  Change  of  the  shape  of  the  metallic  cone  when  curreni  is 
driven  along  it  Note  the  formation  of  the  stem 


163 


Conical  Liner  Implosion  as  a  Projectile  Injector  for  Mass  Drivers 


(2)  is  reduced  to 

^  =  0.25  x  10”  (3) 

M 

in  MKS  unit.  Specifically,  when  the  current  /,  is  106 
amperes  and  the  mass.  A/,  is  0.1  kg,  the  length  of  the 
cone  becomes 

h  =  0.25  (meter).  (4) 

In  conclusion,  we  have  suggested  a  possible  method 
for  injecting  the  projectile  into  an  electromagnetic  mass 
driver  without  using  gas  pressure.  The  necessary  cone  for 
the  acceleration  of  the  projectile  is  acceptably  short,  pro¬ 
vided  that  the  driven  current  along  the  conical  shell  is  of 


the  order  of  106  amperes.  The  quasi-steady  current  of 
order  106  amperes  should  be  obtained  by  the  method 
employed  in  the  work." 

In  addition,  it  is  possible  to  compress  the  liner  by  in¬ 
duced  current  azimuthally  on  the  surface  of  the  liner  (con¬ 
ical  0-pinch),  although  only  the  case  of  conical  r-pinch 
compression  of  the  liner  is  discussed  in  this  work.  In  spue 
of  less  efficient  acceleration  with  a  conical  0-pinch  than 
with  a  conical  2-pinch,  the  non-destructible  conical  B- 
pinch  accelerator  is  possible. 
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toi  Dr  Marion  0.  Ragler 

Chairman,  Dept  of  Electrical  Engineering 
Texas  Tech  University 
Lubbock,  Texas  79409 

1.  The  Flight  Dynamics  Laboratory  of  the  Air  Force  Wright  Aeronautical 
Laboratories  wishes  to  express  its  appreciation  to  Dr  M.  Kristiansen,  Head 
of  the  Plasma  and  Switching  Laboratory,  for  his  outstanding  contributions 
to  technical  discussions  held  at  Maxwell  Laboratories,  Inc.,  San  Diego,  CA, 
on  1  May  1985. 

2.  These  discussions  were  conducted  to  solve  problems  with  a  pulsed  power 
KrF  laser  triggered  crowbar  switch  which  is  a  critical  component  of  a  full 
threat  lightning  simulation  generator.  This  generator  is  being  built  under 
contract  for  the  Air  Force's  Atmospheric  Electricity  Hazards  Protection 
Advanced  Development  Program  (AFl.’AL/FIEA) .  These  problems  had  plagued  the 
contractor  for  over  a  month  and  had  delayed  the  delivery  of  the  generator. 
This  delay  was  costing  the  Air  Force  money  as  it  further  delayed  other 

Air  Force  contracted  efforts. 


3.  Dr  Kristiansen  contributed  significantly  to  the  technical  discussions 
at  Maxwell  Laboratories  which  resulted  in  a  concise  detailed  plan  of 
approach  to  solve  the  problems  with  this  pulsed  power  switch.  Prior  to  the 
discussions.  Dr  Kristiansen  identified  to  the  Air  Force  those  individuals 
in  the  United  States  who  could  contribute  most  significantly  to  these 
discussions.  He  solicited  and  arranged  the  participation  of  Dr  A.  H. 
Guenther,  Chief  Scientist,  Air  Force  Weapons  Laboratory.  Unable  to  attend 
the  Thursday  meetings  due  to  prior  commitments,  he  arrived  two  days  early 
and  set  the  stage  for  all  discussions  which  followed.  He  determined 
concisely  the  problems,  cade  significant  recommendations  and  pre-briefed 
the  other  participants.  As  a  result  of  his  efforts,  the  technical 
discussions  held  on  Thursday  were  a  monumental  success.  Dr  Kristiansen's 
superb  technical  abilities  in  the  area  of  pulsed  power  and  his  extreme 
interest  in  solving  this  significant  U.S.  Air  Force  problem  bring  credit 
upon  himself  and  Texas  Tech  University. 


4.  For  providing  his  superb  technical  abilities,  arranging  his  schedule  to 
participate  in  the  technical  discussions  and  his  outstanding  contributions 
to  the  solution  of  this  Air  Force  problem,  the  Flight  Dynamics  Laboratory 
is  extremely  grateful  and  wishes  to  express  its  appreciation  to 
Dr  Kristiansen,  Bead  of  the  Texas  Tech  University  Plasma  and  Switching 


Laboratory. 


f  /  Acting  Director 

Flight  Dynamics  Laboratory 


Appendix  V 

Electron-beam  tetrode  for  multiple,  submicrosecond  pulse  operation*’ 
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D.  Skaggs 
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The  design  and  the  operation  of  a  250-kV,  400- A,  e-beam  tetrode  is  described.  A  simple  trigger 
circuit  allows  the  generation  of  a  burst  of  e-beam  pulses  with  variable  pulse  duration  and  pulse 
separation. 


INTRODUCTION 

There  is  an  increasing  interest  in  fast,  repetitive  opening 
switches  for  inductive  energy  storage  systems. 1  An  opening 
switch  concept  that  shows  promise  for  fast,  repetitive  opera¬ 
tions  is  the  electron-beam-controlled  diffuse  discharge 
switch.1-4  It  contains  a  gas  mixture  which  becomes  conduc¬ 
tive  when  an  ionizing  e-beam  is  injected.  When  the  e-beam  is 
turned  off,  electron  attachment  and  recombination  pro¬ 
cesses  cause  the  reduction  of  the  electron  density  in  the  gas 
and  the  switch  opens.  For  the  investigation  of  e-beam-con¬ 
trolled  conductivity  in  switch  gases,  an  e-beam  tetrode  was 
designed.  The  operating  characteristics  are:  (a)  burst  mode 
operation  in  the  Mpps  (Megapulses/second)  range;  (b)  vari¬ 
able  pulse  duration  and  pulse  separation;  (c)  turn-on  and 
turn-off  times  in  the  range  of  10  ns;  (d)  variation  of  e-beam 
energy  (£,  <250  keV);  and  (e)  variation  of  e-beam  current 
density  |/,<4  A/cm1). 


I.  ELECTRON-BEAM  GUN 

-  A  cross  section  of  the  tetrode  is  shown  in  Fig.  1(a).  The 
cathode  is  located  in  an  evacuated  (p  =  2  X 10“  7  Torr)  Pyrex 
cylinder,  between  the  two  plates  of  a  stripline.  The  anode 
consists  of  a  grid  of 250-pm  molybdenum  wires  at  a  distance 
of  7  cm  to  the  cathode.  The  anode  grid  covers  the  entrance  of 
a  12.9-cm-long  drift  tube  which  is  terminated  by  a  25-fsm 
titanium  foil.  The  foil  is  supported  by  an  array  of  titanium 
bars.  The  bottom  plate  of  the  stripline  is  grounded  and  the  e- 
beam  voltage  is  applied  to  the  top  plate  by  a  two-stage  Marx 
generator.  The  generator  (Physics  International  Co.  FRP- 
250)  can  deliver  a  maximum  voltage  of  250  kV  with  a  10-ns 
rise  time  and  with  an  exponential  decay  time  constant  of 
about  2.5  /us  into  a  300 -O  load. 

A  more  detailed  cross  section  of  the  cathode  is  shown  in 
Fig.  1(b).  The  electron  source  is  an  electrically  heated  array 
of  375-/jm-diam  thoriated  tungsten  filaments.  A  negatively 
biased  spreader  plate  ( V,  =  —  500  V)  prevents  electron  cur¬ 
rent  flow  from  the  filaments  back  to  the  grounded  cathode 
base  when  no  plate  voltage  is  applied.  At  a  filament  tempera¬ 
ture  of  about  2100  K,  the  e-beam  current  density  is  about  4 
A/cm1  over  the  100-cm1  cross  sectional  area  of  the  beam. 
The  current  density  can  be  varied  independently  of  the  accel¬ 
erating  voltage  by  adjusting  the  filament  temperature. 


The  control  grid  is  located  0.4  cm  above  the  filament 
array.  It  is  formed  by  an  array  of 250^m-diam  molybdenum 
wires  stretched  across  a  17.5-cm-diam  circular  hole  in  the 
outer  shell  of  the  cathode  assembly.  A  negative  bias  voltage, 
VB  =  4  kV,  is  applied  to  the  grid  to  hold  the  e-beam  off,  even 


Fig  I.  (t)Crou  lection  oTr-beam  tetrode  (b)  Cron  lection  of  cathode  «i- 
(cmbly. 
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when  the  accelerating  voltage  is  applied  to  the  plate.  The  e- 
beam  is  turned  on  by  applying  a  positive  voltage  pulse  of 
typically  V2  =  +  4  kV  to  the  grid.  A  second  grid,  which  is 
biased  to  +  4  kV,  shields  the  control  system  electrostatical¬ 
ly.  It  is  positioned  0.6  cm  above  the  control  grid.  The  grids 
and  cathode  are  connected  to  external  power  supplies 
through  high-vacuum  electrical  feedthroughs  located  in  the 
aluminum  base  of  the  cathode.  The  base  is  water  cooled  and 
serves  as  a  heat  sink  for  the  cathode 


II.  CONTROL  SYSTEM 

The  pulser  driving  the  grid  is  depicted  in  Fig.  2(a).  It 
consists  of  two,  7  5-/2  cables  (lengths  dx  and  d2)  separated  by  a 
tnggerable  spark  gap.  Cable  1  is  connected  to  the  grid,  as 
shown,  and  is  charged  to  the  negative  bias  voltage  —  Vt . 
Cable  2  is  charged  through  a  10- M/2  resistor  to  the  voltage 
+  Vr  After  triggering  the  spark,  the  positive  voltage  from 
cable  2  propagates  towards  the  grid,  is  reflected  with  the 
same  polarity,  travels  back  to  the  charging  resistor,  and  is 
reflected  again.  The  negative  bias  voltage  from  cable  1  is 
reflected  at  the  open  end.  etc.  Hence,  the  cable  pulser  with 
two  open  ends  generates  a  periodic  rectangular  gnd  voltage 
Vt,  with  alternating  polarity  as  shown  in  Fig.  2(b),  and  the 
electron  beam  is  repetitively  turned  on  and  off 

The  primary  advantage  of  this  pulser  is  its  simplicity 
and  versatility  The  pulse  magnitudes  are  variable  by  chang¬ 
ing  the  cable  charging  voltages,  and  the  pulse  width  and 
pulse  separation  can  be  adjusted  by  changing  the  lengths  of 
the  cables.  However,  due  to  the  effect  of  the  capacitive  termi¬ 
nation  in  the  tetrode  and  cable  dispersion,  subsequent  pulses 
are  degraded.  This  degradation  limits  the  useful  length  of  the 
pulse  train  to  three  or  four  pulses  The  output  of  the  grid 
pulser,  when  fired  into  a  100-k/7  dummy  load,  is  shown  in 
Fig.  3.  The  rise  and  fall  time  of  the  first  pulse  is  about  10  ns 


1  Lis 


Fig  3.  Gnd  pulser  signal  output  into  IOO-k/2  load 


and  of  the  second  and  third  pulses  20  and  30  ns,  respectively 
The  reduction  of  the  pulse  amplitude  is  not  important  as 
long  as  the  pulse  voltage  is  above  the  threshold  voltage  for  e- 
beam  turnon. 

111.  ELECTRON-BEAM  CURRENT  MEASUREMENT 

Measurements  of  the  electron-beam  current  at  the  cath¬ 
ode  and  at  the  anode — after  passing  the  titanium  foil — were 
performed  with  transmission  line  current  transformers ' 
Figure  4(a)  shows  current  signals,  iM,  (r ),  recorded  at  the 
cathode.  The  e-beam  current  pulses  shown  in  Fig  4(b)  are 
evaluated  from  these  signals  by  using  the  relation  =  1/ 
(2.V)  {/ (r )  —  /  (r  —  7*|),  where  Hr )  is  the  current  to  be  mea¬ 
sured.  T  denotes  the  coil  transit  time,  and  jVis  the  number  of 
turns  '  The  decay  in  amplitude  is  caused  by  the  exponential 
plate  voltage  decay  Because  of  the  reduced  transmission  of 
electrons  through  the  foil  at  lower  electron  energies,  the  ef 
fective  time  of  operation  is  limited  to  approximately  l//s  for 
the  voltage  generator  used  in  this  experiment 


Fig  2  (a)  Schematic  diagram  of  gnd  puller  (b|  Ideal  output  signal  of  the  Fig  4  lal  Current  signals  obiamed  »ith  transmission  line  current  traps 
gnd  pulser  former  at  the  cathode  itv  Corresponding  .  beam  pulses 
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Pulsed  Hollow  Cathode  Discharge  with 
Nanosecond  Risetime 

GERHARD  SCHAEFER,  senior  member,  ieee.  PER  0.  HUSOY,  KARL  H.  SCHOENBACH,  senior  member,  ieee. 

and  HERMANN  KROMPHOLE,  senior  member,  ieee 


^hmcf-IU  paper  reports  the  operation  of  a  cylindrical  hoDow 
cathode  diachaife  with  current  rise  time*  of  a  few  nanoseconds  at  current 
denudes  at  the  entrance  of  the  cathode  in  the  range  of  S 0-560 A  •  cm”2 
and  at  voltage*  of  280-850  V.  Time-dependent  measurements  of  the 
impedance  of  the  discharge  are  presented.  They  allow  for  the  evalua¬ 
tion  of  discharge  quantities  such  as  risetime,  delay  time,  discharge  volt¬ 
age,  and  current,  depending  on  the  operation  parameters  as  applied 
voltage,  pressure,  and  piekmization.  The  power  density  in  the  active 
region  of  the  hollow  cathode  exceeded  200  kW  -  cm”*. 


I.  Introduction 

THE  ENERGY  LOADING  of  discharges  for  TEA  Users  and 
Diffuse  Discharge  Switches  is  mainly  limited  due  to  insta¬ 
bilities  caused  by  the  use  of  admixtures  of  attachers  (1  ]  -[3] . 
In  most  cases,  streamer  development  and  subsequent  arcing 
starts  at  the  electrodes,  preferably  at  the  cathode  [1  ] .  Reduc¬ 
tion  of  the  electric  field  intensity  in  the  cathode  region  could 
deUy  or  even  prevent  the  onset  of  instabilities.  Hollow  cathode 
discharges  (HCD)  are  known  to  operate  at  lower  potential  dif¬ 
ferences  then  pUne  electrodes  (4] .  Therefore  TEA  User  elec¬ 
trodes  with  a  Urge  number  of  small  holes  may  allow  operation 
of  discharges  with  a  lower  cathode  fall  voltage.  Hollow  cathode 
discharge  operation,  however,  is  restricted  to  a  certain  range  of 
pD  (1  ton  cm  <pD  <  10  torr  cm,  for  rare  gases),  where  p  is 
the  gas  pressure  and  D  the  diameter  of  the  hollow  cathode  [4] . 
This  range  is  shifted  to  smaller  values  of  pD  if  molecuUr  gases 
are  used.  For  atmospheric  pressure  the  holes  should  have  di¬ 
ameters  of  the  order  of  a  few  microns  depending  on  the  filling 
gas.  In  addition,  such  an  electrode  structure  may  allow  one  to 
flush  the  hollow  cathodes  from  the  back  side  with  a  very  slight 
flow  of  an  atomic  gas  (preferably  a  rare  gas)  and,  subsequently 
further  reduce  the  potential  difference  across  the  cathode  fall. 

At  this  time  an  imponant  application  of  dc  hollow  cathode 
discharges  is  its  use  as  the  active  medium  of  a  gas  User  (5) .  In 
a  recent  paper  it  was  also  demonstrated  that  pulsed  hollow 
cathode  discharges  allow  one  to  produce  high  densities  of  ex¬ 
cited  states  with  energies  of  several  tens  of  electronvolts  above 
the  ground  state  [6].  The  efficient  use  of  the  excitation  of 
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high-lying  levels  to  produce  a  popuUtion  inversion  for  a  User 
is,  in  general,  supported  by  a  fast  risetime  of  the  excitation 
process. 

The  feasibility  of  these  HCD  applications  strongly  depends 
on  the  risetime  that  can  be  achieved  with  hollow  cathode  dis¬ 
charges.  It  is  known  that  in  the  steady-state  operation  the  hol¬ 
low  cathode  makes  more  efficient  use  of  the  UV  light  emitted 
from  the  negative  glow  and  collisions  of  ions  and  excited  parti¬ 
cles  (in  rare  gases  preferably  mestables)  with  the  cathode  sur¬ 
face.  The  build-up  mechanism  of  the  HCD  and  the  dynamic 
of  the  densities  of  these  species  in  the  hollow  cathode,  how¬ 
ever,  has  not  yet  been  investigated.  The  aim  of  this  work, 
therefore,  was  to  investigate  the  initiation  characteristics  of 
the  hollow  cathode  discharge  and  to  operate  a  hollow  cathode 
with  fast  risetime  and  at  high  current  densities. 

II.  Experimental  Procedure 

The  design  of  the  hollow  cathode  discharge  device  is  shown 
in  Fig.  1 .  Similar  designs  have  been  used  for  dc  discharges  [7) . 
The  cathode  is  a  3.86-mm  inner  diameter  stainless  steel  tube 
Anodes  were  made  of  aluminum  and  stainless  steel.  The  spacer 
between  cathode  and  anode  is  a  10-jim  thick  myUr  foil.  End- 
on  and  side-on  windows  allow  optical  diagnostics  of  the  hol¬ 
low  cathode  discharge.  Except  for  the  discharge  itself  the 
HCD  device  is  totally  matched  to  the  impedance  of  the  cable 
Z0  m  75  n  (Belden  8870).  The  dielectric  in  the  cathode  re¬ 
gime  is  a  clear  epoxy. 

The  experimental  setup  is  shown  in  Fig.  2.  A  charging  cable 
with  the  length  lc  is  charged  by  a  power  supply  and  discharged 
by  a  spark  gap  into  a  transmission  cable.  The  voltage  is  adjusted 
through  pressure  controlled  self  breakdown.  The  transmission 
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Fig.  3.  Three  typical  ostillograms  measured  with  the  voluge  probe,  for 
in  open  end,  for  i  thorted  end,  end  for  a  hollow  cathode  diicharge. 


line  is  terminated  by  the  HCD.  An  additional  power  supply  in 
series  with  a  large  resistor  is  connected  to  the  transmission  line 
and  allows  the  HCD  to  operate  at  a  low  dc  level  providing  for 
preionization  of  the  pulsed  discharge.  A  capacitive  voltage 
divider  is  located  in  the  center  of  the  transmission  line.  Since 
the  length  of  the  transmission  cable  I,  is  more  than  twice  the 
length  of  the  charging  cable  (/,  <  2  •  lc),  the  voltage  probe  will 
record  the  incoming  pulse  and  the  reflected  pulse  from  the 
HCD  without  overlapping.  This  setup  allows  measurement  of 
the  time  dependence  of  voltage,  current,  and  impedance. 

Typical  oscillograms  of  the  voltage  measured  with  the  voltage 
probe  are  shown  in  Fig.  3.  For  clarification  of  the  evaluation 
method  three  voltage  traces  are  superimposed:  one  for  atypical 
hollow  cathode  discharge,  one  for  an  open  end  (infinite  imped¬ 
ance)  and  one  for  a  shorted  end  (zero  impedance).  The  system 
with  the  hollow  cathode  acts  for  a  time  as  an  high -impedance 
system.  Then  the  impedance  drops  to  some  value  which  is 
considered  to  be  the  impedance  of  the  pulsed  hollow  cathode 
discharge  ZH  cd  : 


2hcd  -Z0 


1  ♦  ^oul/^ln 

1  -  V0JVin 


The  time  interval  between  the  voltage  increase  of  the  reflected 
pulse  and  the  onset  of  the  decay  of  the  reflected  voltage  is  con¬ 
sidered  the  delay  time  for  the  initiation  of  the  pulsed  hollow 
cathode  discharge.  The  time  interval  in  which  the  reflected 
voltage  changes  from  its  maximum  to  its  minimum  (90  percent- 
10  percent)  is  considered  the  risetime  of  the  hollow  cathode 
discharge  (see  Fig.  3). 


III.  Results 

The  operation  parameters  of  the  pulsed  hollow  cathode  sys¬ 
tem  were  varied  in  the  following  ranges  allowing  for  stable  arc- 
free  operation: 

gas:  He  with  pressures  1  ton  <  p  <  6  ton 


MS  IONIZATION  CUNfttNT/mA 

Fig.  4.  Delay  time  (o,  o,  a)  and  riietune  (a)  for  the  initiation  of  the 
pulsed  hollow  cathode  discharge  in  helium  versus  dc-prekmuation 
current  with  the  charging  voltage  as  variable  parameter. 
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Fig.  $.  Delay  time  (o,  o,  a)  and  risetime  (a)  for  the  initiation  ol  the 
pulsed  hollow  cathode  discharge  versus  He-pressure  with  the  charging 
voltage  as  variable  parameter. 

charging  voltage:  2  kV  <  V0  <  1 3  kV 

preionization  cunent :  0  m A  <//>/<  10  m A. 

With  the  stainless  steel  anode,  operation  at  pressures  above 
approximately  8  torr  and  charging  voltages  above  approximately 
13  kV  caused  small  arcs  to  bridge  the  gap  between  cathode  and 
anode,  but  without  damaging  the  system.  With  the  aluminum 
anode  the  stable  operation  regime  was  further  reduced.  In  ad¬ 
dition,  arcing  caused  permanent  damage  requiring  repolishing 
of  the  electrodes. 

The  fust  important  result  was  that  without  preionization  the 
system  acted  like  an  open  end,  indicating  that  the  delay  tune 
was  at  least  longer  than  the  pulse  length  of  50  ns.  The  depend¬ 
ence  of  the  delay  tune  on  the  preionization  cunent  with  the 
charging  voltage  as  a  variable  parameter  is  plotted  in  Fig.  4. 
The  pressure  is  constant  at  6  ton.  At  low  preionization  cur¬ 
rents  (below  3  mA)  the  delay  time  strongly  decreases  with  in¬ 
creasing  preionization  cunent  but  approaches  a  nearly  constant 
value  above  approximately  6  mA.  The  dependance  of  the  delay 
time  on  the  pressure  with  the  charging  voltage  as  the  variable 
parameter  at  a  preionization  current  of  6  mA  is  plotted  in  Fig 
5,  indicating  that  the  pressure  does  not  significantly  effect  the 
delay  time,  especially  for  the  higher  values  of  the  charging 
vohage.  At  pressures  >5  torr  the  delay  time  seems  to  be  con 
stant.  Fig  6  shows  the  charging  voltage  dependance  of  the  de- 
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Fig.  6.  Delay  time  (o)  and  ructime  (•)  for  the  initiation  of  the  pulsed 
hollow  cathode  dischatge  in  helium  versus  charging  voltage. 


rressure/torr 

Fig.  7.  Impedance  of  the  pulsed  hollow  cathode  discharge  versus  He- 
pressure. 


lay  time  for  a  pressure  of  6  torr  and  a  preionization  current  of 
6  mA.  At  low  charging  voltages  the  delay  time  strongly  de¬ 
creases  with  increasing  charging  voltage  but  approaches  a  con¬ 
stant  value  of  approximately  3  ns.  From  Figs.  4-6  it  can  be 
concluded  that  the  minimum  delay  time  which  can  be  ob¬ 
tained  with  this  device  is  approximately  3  ns. 

Figs.  4-6  also  show  the  dependance  of  the  risetime  on  the 
same  operation  parameters.  The  general  behavior  of  the  rise¬ 
time  is  similar  to  that  of  the  delay  time  although  much  less 
pronounced.  The  minimum  risetime  was  7r  *  2  ns.  This 
makes  the  total  initiation  time  for  the  pulsed  HCD  (delay 
time  plus  risetime)  TD  +  7r  b  5  ns  nearly  independent  of  the 
operation  parameters,  if  the  pulsed  HCD  is  operated  in  the 
following  range: 


Tp  3-ns  delay 
and 

7*  2 -ns  risetime 


(lpi  >  6  mA  (preionization  current) 
p  >  5  torr  (He  pressure) 

Vc  >  6  kV  (charging  voltage). 


In  this  operation  range  the  jitter  of  the  total  initiation  time  was 
in  the  order  of  1  ns.  It  should  be  noted  that  the  uncertainty 
of  the  time  measurement  is  in  the  order  of  ? 0.5  ns. 

For  the  evaluation  of  the  impedance  of  the  discharge  only  the 
flat  part  of  the  measured  voltage  pulse  was  used  (see  Fig.  3). 
The  voltage  peak  directly  after  the  initiation  of  the  pulsed  HCD 
is  due  to  the  capacitance  between  cathode  and  anode  and ,  there¬ 
fore,  not  taken  into  consideration  Once  the  discharge  is  initi¬ 
ated,  its  impedance  does  not  depend  on  the  preionization  cur¬ 
rent.  The  influence  of  the  pressure  on  the  pulsed  HCD  (Fig.  7) 


Fig.  8.  Impedance  of  the  pulsed  hollow  cathode  discharge  in  helium 
versus  charging  voltage. 

DISCHARGE  CURRENT  DENSITY/A  cm' 


Fig.  9.  Discharge  voltage  versus  discharge  current  and  current  density, 
respectively,  for  the  pulsed  hollow  cathode  discharge. 

seems  not  to  be  significant,  while  there  is  a  strong  dependance 
of  the  impedance  on  the  charging  voltage  for  values  below  5  kV. 
For  large  values  (8  kV  and  above)  the  impedance  tends  to  ap¬ 
proach  a  nearly  constant  value.  The  dependance  of  the  imped¬ 
ance  on  the  operation  parameters  is  of  special  importance  in 
designing  matched  systems  for  high  efficiency. 

The  data  used  in  Fig.  8  also  allow  the  evaluation  of  the  dis¬ 
charge  characteristic  (Fig.  9)  and  the  power  dissipated  in  the 
discharge  (Fig  10).  The  characteristic  presented  in  Fig.  9  in¬ 
dicates  a  nearly  constant  dynamic  impedance  with  voltages  in 
the  range  of  300-800  V  and  with  currents  in  the  range  of  JO- 
65  A.  This  results  in  a  maximum  current  density  at  the  en¬ 
trance  of  the  hollow  cathode  of  560  A  •  cm*3 .  The  maximum 
power  dissipated  in  the  discharge  was  52  kW.  From  the  side-on 
observation  of  the  light  emitted  from  the  discharge  it  can  be 
concluded  that  the  penetration  depth  of  the  pulsed  discharge 
into  the  cathode  is  approximately  20  mm.  Thus  with  the  inner 
cathode  radius  of  3.86  mm,  the  maximum  power  density  be¬ 
comes  approximately  220  kW  •  cm** . 

The  limitations  of  the  current  regime  in  the  experiments 
presented  are  determined  by  two  properties  of  the  experimen¬ 
tal  setup  limiting  the  charging  voltage. 

1)  The  spark  gap  design  did  not  allow  triggering  below  2  kV; 
therefore  the  characteristic  of  the  discharge  in  the  low  current 
density  range  of  10-100  A  •  cm*3,  which  may  be  of  interest 
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DISCHARGE  CURRENT /A 

Fig.  10.  Discharge  power  versus  discharge  current  for  the  pulsed  hol¬ 
low  cathode  discharge. 


for  applications  in  large  area  diffuse  discharges,  was  not  inves¬ 
tigated  in  detail. 

2)  At  charging  voltages  above  1 3  kV,  frequent  arcing  occurred 
across  the  gap  between  the  electrodes.  In  this  case  the  oscillo¬ 
scope  traces  showed  an  initial  reflection  just  as  for  the  HCD 
(see  Fig.  3)  and  then  a  transition  to  an  unmeasurable  small  im¬ 
pedance  (arcing).  Arcing  never  occurred  after  the  hollow  cath¬ 
ode  discharge  was  initiated.  At  charging  voltages  of  approxi¬ 
mately  10  kV,  arcing  never  occurred,  even  if  no  preionization 
was  used,  resulting  in  a  total  reflection  of  the  pulse  (open  end). 
Considering  a  maximum  allowed  charging  voltage  for  operation 
without  arcing,  the  maximum  current  is  only  limited  by  the 
line  impedance  Z0.  For  a  10-fl  line  which,  according  to  our 
impedance  measurements,  would  be  matched  to  the  given  HCD 
in  the  high- current  regime  and,  for  a  charging  voltage  of  10  kV, 
one  would  expect  arc-free  operation  at  currents  of  up  to  500  A. 

Further  information  on  the  initiation  mechanism  of  a  fast- 
pulsed  HCD  can  be  obtained  by  recording  the  time-dependent 
spatial  emission  of  radiation  from  the  HCD.  The  existing  device 


will  allow  side-on  and  end-on  observations  (see  Fig.  1 ).  A  streak 
camera  analysis  is  planned. 

IV.  Summary 

In  conclusion,  we  report  the  successful  operation  of  a  pulsed 
high-power  density  hollow  cathode  discharge.  The  delay  time 
between  applied  voltage  and  initiation  of  the  discharge  strongly 
depends  on  a  preionization  source  (dc  discharge).  Delay  times 
of  3  ns  and  discharge  risetimes  of  2  ns  were  obtained  at  a  jitter 
of  1  ns  or  less.  The  short  initiation  time  combined  with  low 
jitter  will  allow  synchronized  operation  of  parallel  hollow  cath¬ 
ode  discharges.  In  the  given  device,  the  maximum  power  den¬ 
sity  was  tn  the  range  of  200  kW  cm"3.  With  an  impedance 
matched  line  (approximately  10  fl  for  the  given  HCD),  power 
densities  up  to  103  kW  •  cm'3  should  be  expected.  These  fea¬ 
tures  indicate  that  such  a  device  may  be  useful  for  the  fast  pro¬ 
duction  of  high  energy  levels  with  short  decay  times  as  required 
in  discharges  for  pulsed  UV  gas  lasers.  The  feasibility  of  using 
multiple  hollow  cathodes  for  lhe  production  of  diffuse  dis¬ 
charges  will  depend  on  the  scaling  behavior  when  smaller  diam¬ 
eter  hollow  cathodes  are  used. 
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An  electron-beam  controlled  diffuse  discharge  switcha) 
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The  performance  of  externally  controlled,  high-pressure,  diffuse  discharges  as  switching  elements 
in  pulse  power  systems  is  strongly  determined  by  the  recombination  and  attachment  processes  in 
the  fill  gas  To  obtain  high  control  efficiency  and  fast  response  of  the  diffuse  discharge  switch  the 
discharge  must  be  attachment  dominated  with  the  attachment  rate  coefficient  increasing  with 
field  strength  An  electron-beam  controlleddiffusedischargesystem  was  constructed  to  study  the 
behavior  of  pulsed  discharges  in  the  submicrosecond  range  in  gas  mixtures  containing  N2  as  a 
buffer  gas  and  small  additives  of  electronegative  gases  The  results  of  experiments  in  N2  plus  N20 
were  compared  with  values  obtained  with  a  Monte  Carlo  code  and  a  rate  equation  calculation 


INTRODUCTION 

Inductive  energy  storage  is  attractive  in  pulsed  power 
applications  because  of  its  intrinsic  high  energy  density  com¬ 
pared  to  capacitive  storage  systems.  The  key  technological 
problem  m  developing  inductive  energy  discharge  systems, 
especially  for  repetitive  operation  (repetition  rates  greater 
than  one  kilopulse  per  second)  is  the  development  of  opening 
switches  Promising  candidates  for  repetitive  opening 
switches  are  e-beam  or  laser  controlled  diffuse  discharges  ' 
The  schematic  diagram  of  an  electron-beam  controlled 
opening  switch  as  part  of  an  inductive  storage  system  is 
shown  in  Fig  1.  The  switch  chamber  is  filled  with  a  gas  of 
pressures  of  1  atm  and  above  The  gas  between  th  electrodes 
conducts  and  allows  charging  of  the  inductor,  w hen  an  ioniz¬ 
ing  e  beam  is  injected  into  the  gas  (usually  through  one  of  the 
electrodes  which  might  be  a  mesh  or  a  foil)  The  switch  vol¬ 
tage  remains  below  the  self-breakdown  voltage,  so  that  ava¬ 
lanche  ionization  is  negligible  Thus,  the  discharge  is  com¬ 
pletely  sustained  by  the  e  beam  When  the  e  beam  is  turned 
off,  electron  attachment  and  recombination  processes  in  the 
gas  cause  the  conductivity  to  decrease  and  the  switch  opens 
Consequently  the  current  through  the  inductor  is  commu¬ 
tated  into  the  load 

EXPERIMENTAL  SETUP 

For  the  investigation  of  e-beam  controlled  conductivity 
in  a  high-pressure  diffuse  plasma  a  discharge  system  was 
constructed  with  an  e-beam  tetrode  as  the  control  element  : 
A  schematic  cross  section  of  the  discharge  chamber  and  e- 
beam  tetrode  is  shown  in  Fig  2  The  e-beam  cathode  is  locat¬ 
ed  in  an  evacuated  Pyrex  cylinder  betw  een  the  two  plates  of  a 
stnpline  The  anode  consists  of  a  gnd  of  molybdenum  wires 
at  a  distance  of  7  cm  from  the  cathode  The  anode  grid  covers 
the  entrance  of  a  1 3-cm-long  drift  tube  which  is  terminated 
by  a  2S-/zm  titanium  foil  The  foil  is  supported  by  an  array  of 
titanium  bars  The  e-bcam  voltage  is  applied  to  the  anode  by 
a  two-stage  Marx  generator  The  generator  (Physics  Interna¬ 
tional  Co  FRP-2?0i  can  deliver  a  maximum  voltage  of  2  V' 
kV  with  a  10  ns  rise  time  and  with  an  exponential  decay  time 
constant  of  about  2.5 /js  into  a  300-/2  load 
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The  electron  source  is  an  electrically  heated  array  of 
375-^m-diameter  thonated  tungsten  filaments  At  a  fila¬ 
ment  temperature  of  about  2 100  K,  the  e-beam  current  den¬ 
sity  is  about  4  A/cm;  over  the  1 00  cmJ  cross-sectional  area  of 
the  beam.  The  current  density  can  be  varied  independently 
of  the  accelerating  voltage  by  adjusting  the  filament  tem¬ 
perature  The  control  gnd,  which  is  located  0  4  cm  above  the 
filament  array,  is  negatively  biased  to  hold  the  e  beam  off. 
even  when  the  accelerating  voltage  is  applied  to  the  plate 
The  e  beam  is  turned  on  by  applying  a  positive  voltage  pulse 
of  typically  V  =  +  4  kV  to  the  grid.  The  control  grid  is  dm  - 
en  by  a  pulser  which  provides  a  train  of  pulses  with  vanable 
amplitude,  pulse  duration  and  pulse  separation  :  A  second 
grid,  0.6  cm  above  the  control  grid,  shields  the  control  sys¬ 
tem  electrostatically 

Measurements  of  the  electron  beam  current  at  the  cath¬ 
ode  and  at  the  anode — after  passing  through  the  titanium 
foil — were  performed  with  transmission  line  current  trans¬ 
formers  '  Figure  3  shows  the  e-beam  current  pulses,  evaluat¬ 
ed  from  current  transformer  signals  The  decay  in  amplitude 
is  caused  by  the  exponential  plate  voltage  decay  Because  of 
t  he  reduced  transmission  of  electrons  through  the  foil  at  low  - 
er  electron  energies  the  effective  time  of  operation  is  limited 
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FIG  2  Cro»s  section  of  e-beam  teirode  and  switch  chamber 


to  approximately  1  /xs  with  the  voltage  generator  used  in  this 
experiment 

After  passing  through  the  titanium  foil  and  a  12  5  /xm 
aluminum  foil,  which  serves  as  an  electrode  in  the  diffuse 
discharge  switch,  the  e-beam  generates  diffuse  plasma 
between  the  electrodes  in  the  stainless  steel  discharge 
chamber  The  current  through  the  plasma  is  provided  by  a  2- 
fl  pulse-forming  network  |PFN|.  which  delivers  a  flat  lop 
current  pulse  of  1  /us  duration  and  an  amplitude  of  up  to  12.5 
kA 

SWITCH-GAS  PROPERTIES 

The  switch  opening  time,  after  e-bcam  turn-off,  is  deter¬ 
mined  by  the  electron  loss  processes  in  the  diffuse  discharge: 
recombination  and  attachment.  In  order  to  achieve  opening 
times  of  less  than  a  microsecond  at  initial  electron  densities 
<  10l4cm  -  \  the  dominant  loss  process  must  be  attachment, 
which  means  that  the  switch  gas  mixture  must  contain  an 
electronegative  gas  On  the  other  hand,  additives  of  at- 
tachers  increase  the  power  losses  during  conduction  Both 


FIG  3  r-burn  current  puWes  measured  at  the  cathode 
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FIG  4  r>ec»y  rut  constants  of  the  electron  conduction  current  b>  adding 
NO  in  .ISO  Tort  of  N,  at  various  E  /.V  isee  Rtf  7> 


low  forward  voltage  drop  and  fast  opening  can  only  be  ob¬ 
tained  by  choosing  gases  or  gas  mixtures  which  satisfy  the 
following  conditions' 4  5: 

(1)  For  low  values  of  the  reduced  field  strength  E/S 
(conduction  phase)  the  gas  mixture  should  have  a  high  dnft 
velocity  vd  and  low  attachment  rate  coefficient  kc 

(2)  For  high  E  /S'  values  (opening  phasel  the  gas  mixture 
should  have  lower  drift  velocities  and  high  attachment  rate 
coefficients. 

(3)  To  avoid  the  onset  of  the  attachment  instability  dur¬ 
ing  conduction,  the  switch  should  be  operated  at  E  /S’  values 
where  the  attachment  rate  coefficient  has  a  minimum  or  a 
negative  slope 

Along  with  these  considerations,  several  gas  mixtures  have 
been  proposed  for  diffuse  discharge  opening  switches  4  For 
our  theoretical  investigations  N2  was  chosen  as  a  buffer  gas 
with  N;0  as  the  added  attacher  The  N;  was  used  since  a 
complete  set  of  cross  sections  is  available''  and  the  plasma 
chemistry  in  a  mixture  of  N,  and  N;0  appears  to  be  relative¬ 
ly  simple  Furthermore,  N:0  in  an  N-  buffer  gas  exhibits  an 
E  /S'  dependent  electron  decay  rate  w  hich  increases  by  more 
than  a  factor  of  20  in  the  £  /S'  range  from  3  to  15  Td,  as 
shown  in  Fig  4.  It  should  be  noted  that  N;  has  an  electron 
drift  velocity  w  hich  increases  w  ith  E  /S'  and  therefore  is  not 
the  optimum  buffer  gas  in  diffuse  discharge  opening  switch¬ 
es.  However,  for  gas  mixtures  which  show  a  strong  attach¬ 
ment  rate  increase,  the  drift  velocity  condition  at  high  £  /.V  is 
generally  of  minor  importance 

DISCHARGE  ANALYSIS 

To  calculate  the  current-voltage  characteristics  of  a  dif¬ 
fuse  plasma  sustained  by  an  electron  beam,  as  well  as  to 
evaluate  the  time  dependent  impedance  of  an  externally  con¬ 
trolled  discharge  in  a  given  circuit,  a  computer  model  has 
been  developed  that  enables  fast  calculations  for  a  variety  of 
conditions.5  It  does  not,  however,  provide  for  spatial  analy¬ 
sis  of  the  discharge  The  code  uses  two  independent  pro¬ 
grams  In  a  first  computation,  all  rate  constants  of  the  signif¬ 
icant  processes  are  calculated  as  a  function  of  £  /S'  for  a 
representative  gas  mixture  These  calculations  use  the  £  /S' 
dependent  electron  energy  distribution  functions  that  base 
been  previously  compiled  using  a  separate  Monte  Carlo 
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FIG  5  Calculated  steady-state  /  v»  E/N characteristics  for  an  e-beam  sus¬ 
tained  discharge  in  N2  with  admixtures  of  N,0  The  electron  generation 
rate u  8  x  102 '  cm'  ’  s~  '  The  parameter  is  the  NjO  fraction  In  percent  (see 
Ref  5| 

code.  In  a  second  step,  a  system  of  circuit  equations  and  rate 
equations  has  been  solved,  where  we  used  the  previously  cal¬ 
culated  E  /N  dependence  of  the  rate  constants,  assuming  that 
they  do  not  change  significantly  for  small  variations  of  the 
gas  mixture 

The  transient  behavior  of  the  discharge  as  part  of  a  dis¬ 
charge  circuit  is  discussed  in  Ref  5.  The  calculation  of  the 
steady-state  behavior  of  the  diffuse  discharge  docs  not  re¬ 
quire  information  about  the  circuit.  Calculations  of  the 
steady-state  discharge  characteristics  were  performed  with 
the  relative  attacher  concentration  in  the  buffer  gas  as  the 
parameter  Figure  5  shows  the  current  density  j  versus  re¬ 
duced  field  strength  E/N  characteristics  for  different  N;0 
concentrations  in  an  N:  buffer  gas  The  total  pressure  is  1 
atm.  At  small  E /A',  below  4  Td,  the  electron  loss  is  due  to 
recombination  only.  At  about  4  Td  the  attachment  rate  coef¬ 
ficient  rises  steeply.  This  means  that,  for  reasonably  high 
attacher  concentrations  in  the  buffer  gas,  the  losses  increase 
drastically,  causing  a  negative  slope  in  the  current-voltage 
characteristics  At  30  Td,  where  the  attachment  rate  coeffi¬ 
cient  is  assumed  to  level  off,  recombination  becomes  more 
important  again,  as  demonstrated  by  the  change  in  the  slope 
of  j  vs  E  /A',  at  this  value 

EXPERIMENTAL  RESULTS 

DifTuse  discharge  experiments  were  performed  in  N;0. 
SOj.  and  C02  with  N ,  as  the  buffer  gas  The  e-beam  tetrode 
was  for  these  experiments  mostly  used  in  the  single  pulse 
mode  The  source  term,  the  number  of  electrons  produced 
per  cm '  and  per  second  was  in  the  range  of  10J<lcm  ~  '  s  ~  '  to 
10  cm  1  s  '  1  he  voltage  applied  at  the  PFN  was  varied 
between  2  and  20  k\  I  he  switch  electrode  gap  was  kept 
constant  at  3  5  cm 

Figurr  6  shows  the  influence  of  attacher  concentration 
N  ()  or  the  switch  current  For  high  N:0  concentrations 

,  Apo  i"  ,s  vi  S’  No  S  1  Ma'CM  198S 


FIG  6  Time  dependence  of  twitch  current  with  N,0  concentration  as  the 
variable  parameter 


(3%)  the  switch  current  pulse  replicates  the  e-beam  current 
pulse,  except  for  the  tail.  The  tail  may  be  caused  by  the  cur¬ 
rent  carried  by  positive  and  negative  ions.  The  current  gain 
(switch  current/electron  beam  current  I  is  about  2  for  this 
high  attachment  concentration.  For  concentrations  of  0.7%, 
the  fall  time  (1  /e-time)  increases  to  approximately  100  ns 
For  0.1%  it  is  on  the  order  of  500  ns.  The  gain  increases  to 
values  of  9  and  12  for  0.7%  and  0.1%  N20,  respectively. 

Figure  7  shows  the  j  vs  E  /N  characteristics  of  the  e- 
beam  sustained  discharge  under  steady-state  condition  in  1 
atm  N2  with  0.7%  N20.  The  curve  represents  the  calculated 
values,  circles  the  experimental  results  The  experimental 
values  at  higher  E/N  correspond  well  to  the  theoretical 
curve  However,  the  measured  discharge  characteristics  do 
not  exhibit  the  predicted  current  maximum  at  E  /N  values  of 
approximately  4  Td.  These  results  seem  to  indicate  that  at¬ 
tachment  is  dominant  even  at  £  /A’  <  4  Td,  where,  according 
to  the  measured  values  of  the  decay  rate  Isee  Fig  4),  attach¬ 
ment  should  be  negligible.  This  assumption  is  confirmed  by 
results  of  recently  performed  attachment  rate  coefficient 
measurements'1  and  by  Monte  Carlo  calculations  of  the  at¬ 
tachment  rate  coefficient®  based  on  experimentally  obtained 


FIG  7  Current  density  j  vs  reduced  strength  E/S  for  a  discharge  in 
N  VO  icalculated  curve  »nd  experimental  dau  points 
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FIG  8  Discharge  resistivity  pB  as  •function  of  reduced  field  strength  E/S 
for  a  discharge  in  N,  N.O  (calculated  curve  and  eapenmental  data  points 


attachmeni  cross-sections  10  The  loss  of  initially  high  energy 
secondary  electrons  by  attachment  as  they  lose  energy  by 
inelastic  collisions  could  also,  at  least  partially,  account  for 
the  absence  of  the  current  density  maximum  in  the  experi¬ 
mental  values  at  low  £  /N.  Monte  Carlo  calculations  are  un¬ 
der  way  to  gain  a  quantitative  understanding  of  this  effect 
Even  with  the  attachment  onset  at  E  /N  <4  Td.  that 
means  with  an  attachment  dominated  discharge  during  con¬ 
duction.  the  NjO  Nj  mixture  seems  to  work  fairly  well  as  an 
opening  switch  gas.  It  satisfies  the  requirement  of  having  low 
resistance  at  low  £  /A  and  high  resistance  at  large  £  /A’,  as 
seen  on  Fig  8,  where  the  results  of  current-voltage  measure¬ 
ments  (Fig  7|  are  plotted  in  a  resistivity  versus  reduced  field 
strength  diagram.  It  shows  an  increase  in  resistivity  of  al¬ 
most  two  orders  of  magnitude  in  an  £  /N  range  of  3  to  20  Td. 


N,:SO, 

Another  gas  which  has  the  required  £  /S  dependence  of 
the  attachment  rate  coefficient  is  SO-  (Ref  1 1 )  The  SO;  has 
a  lower  attachment  rate  and  an  onset  of  attachment  at  higher 
values  of  £/A,  compared  to  NjO  In  order  to  get  opening 
times  similar  to  those  in  the  0  1%  NjO  N2  mixture,  the  con¬ 
centration  of  S02  in  N-  as  the  buffer  gas  had  to  be  increased 
to  20%  The  total  gas  pressure  was  reduced  to  250  Torr,  to 
cover  a  wider  range  of  £  /S  with  the  given  switch  voltage 

Figure*)  shows  the  resistivity  versus  £  /.Vof  an  SO.  N-. 
e-beam  sustained  discharge  with  S  =  3  »'  I0:"  cm  '  s  “  1 
The  resistivity  rises  above  an  £  /.V  of  50  Td,  indicating  an 
increase  in  attachment  at  this  value  This  nse  is  in  agreement 
with  measured  attachment  characteristics  in  pure  SO,  "An 
increased  discharge  impedance  is  also  observed  at  low  re¬ 
duced  field  strength,  as  indicated  by  two  high  resistivity  %al 
ues  shown  in  Fig  *).  below  an  £  /.V  of  10  Td  This  increase 
might  be  caused  by  strong  three-body  attachment  processes 
at  near  thermal  electron  energies"'  "and  SO,  formation  via 
the  radiative  stabilization  process  "  Both  the  increased  dis- 
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FIG  9  Discharge  reiisnvnyp0  is  x  function  of  reduced  field  strength  £  /.V 
for  a  discharge  in  N,:SO,  (250  Torr. 


charge  impedance  at  low  £  /A-  and  the  relatively  high  overall 
resistivity  make  the  SO,:N2  mixture  not  a  good  gas  mixture 
for  switching  The  N.O  N,  mixture,  under  the  same  condi¬ 
tions  (gas  pressure,  e-beam  source  term,  and  opening  timei. 
has  a  much  lower  resistivity  at  low-  £  /A',  which  means  that 
the  Joule  losses  dunng  conduction  can  be  kept  lower  for  this 
gas  mixture. 


N,:CO, 

Like  N,0  and  SO:.  CO,  has  an  increasing  attachment 
rate  coefficient  with  £  /A'.  The  disadvantage  of  CO,  for  use 
as  an  opening  switch  gas  is  its  relatively  low  ionization  ener¬ 
gy  The  field  strength  range  where  the  attachment  coeffi¬ 
cient  tj  exceeds  the  ionization  coefficient  a  reaches  only  up 
to  approximately  60  Td  1 1  This  value  determines  the  hold-off 
field  strength  in  this  gas.  For  £/A'>  60  Td  the  current  rises 
again,  which  means  that  the  switch  closes  further  instead  of 
opens  after  e-beam  tum-off 

This  effect  was  demonstrated  by  operating  the  diffuse 
discharge  at  different  values  of  £  /S  about  the  crossing  point 
of  the  attachment  and  ionization  curves  (Fig  101  The  dis¬ 
continuities  in  the  switch  current  curves  represent  the  step- 
wise  increase  in  electron  concentration  in  the  switch  gas  due 
to  three  successive,  ionizing,  e-beam  pulses  The  applied 
field  £  /.V  is  given  by  the  upper  values  at  each  picture  £  A 
drops  to  the  lower  value  at  the  maximum  of  the  switch  cur¬ 
rent  after  approximately  1/zs  In  the  range  of  £  /A  below  bO 
Td  the  net  ionization  coefficient  (o  -  y\  is  negative  thus 
electron  attachment  losses  outweigh  the  ionization  gain  The 
switi.li ,  urrent  decreases  after  e-beam  turn  off  Fig  Id.  top 
i  e  .  this  means  the  switch  opens  However,  because  of  the 
small  attachment  coefficient  of  CO,  compared  to  SO  and 
N.O.  the  switch  opening  time  (even  for  the  high  concentra¬ 
tion  of  20r7fr  in  N.  as  buffer  gasl  is  much  longer  than  for  the 
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FIG  10  Time  dependence  of  switch  current  in  a  discharge  in  N;  CO,  with 
reduced  Acid  strength  E  /.V  as  the  variable  parameter 


Other  gases  In  the  E  /S'  range  above  60  Td,  (a  —  t] |  is  posi¬ 
tive,  consequently  ionization  dominates  over  attachment, 
and  the  switch  current  increases  ( Fig  10  botiomi  until  the 
field  strength  in  the  switch  gas  drops  to  a  value  where  the  net 
ionization  is  zero  Operation  in  an  E  /S'  range  close  to  this 
value  is  demonstrated  in  Fig  10.  center  After  turn-off  of  the 


e  beam,  the  current  stays  constant  because  the  ionization  and  176 
attachment  processes  balance  each  other. 

SUMMARY 

Diffuse  discharge  investigations  were  performed  in  the 
gas  mixtures  N2:N20,  N2:S02,  and  N2:C02.  The  experimen¬ 
tally  obtained  current-voltage  characteristic  for  N2  N20 
agrees  with  previously  obtained  theoretical  results  at  high 
E  /N.  The  discrepancy  in  theoretical  and  experimental  data 
at  low  E  /S'  reflects  the  uncertainty  in  basic  data  for  N:0. 

With  respect  to  the  criteria  for  optimum  switch  gases  flow 
losses  during  conduction  (at  low  E  /S),  large  losses  during 
and  after  openinglat  high  £ /A^)],N20  in  N2  is  superior  to  the 
other  investigated  gases.  For  opening  times  of  ~  100  ns,  the 
current  gain  was  in  the  order  of  10  With  better  utilization  of 
the  e-beam  energy  in  our  system,  a  gain  of  100  can  be 
achieved  Shorter  opening  times,  down  to  ~  10  ns,  are  possi¬ 
ble  with  higher  attacher  concentrations,  however,  at  the  ex¬ 
pense  of  reduced  current  gain 
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ABSTRACT 

We  present  the  results  of  a  systematic  streak 
photographic  study  of  trlgatron  triggering  which 
clearly  demonstrates  the  role  of  streamers  in 
Initiating  breakdown  of  these  gaps  under  conditions  of 
Interest  for  practical  switches.  These  results  show 
that  the  initiating  conditions  for  these  streamers 
strongly  affect  their  properties  and,  therefore,  the 
switching  characteristics  of  the  gap,  and  they 
underscore  the  importance  of  the  heating  phase  to  the 
breakdown  and  overall  switching  characteristics  of 
these  devices. 

Trlgatron  spark  gaps  are  commonly  used  for  high 
voltage,  triggered  switching  applications.  Although  a 
substantial  volume  of  engineering  Information 
concerning  the  design  of  such  gaps  has  accumulated, 
there  is  controversy  regarding  the  physical  mechanisms 
responsible  for  triggering  breakdown  In  these  gaps. 
We  discuss  events  In  the  breakdown  of  these  gaps  which 
clearly  establishes  the  role  of  streamers  In  the  triggering 
of  trigatrons,  and  trfilch  provides  new,  and  in  some  cases 
puzzling.  Information  about  these  streamers. 

Fig.  1  shows  a  schematic  drawing  of  the  trlgatron  gap 
used  In  this  stud/.  To  specify  the  polarity  configuration 
of  a  specific  experiment,  we  use  the  short  hand  notation  ♦- 
for  example,  *4»ere  the  first  sign  Indicates  the  polarity  of 
the  main  gap  electrode  without  the  trigger  pin  and  the 
second  Indicates  the  polarity  of  the  voltage  pulse  on  the 
trigger  pin,  both  relative  to  the  main  gap  electrode  with 
the  trigger  pin  in  it.  In  operation,  a  voltage  less  than 
the  static  breakdown  voltage,  vsb’  1s  applied  across  the 
main  gap,  tdilch  Is  triggered  to  breakdown  by  the  application 
of  a  hi voltage  pulse  to  the  trigger  pin.  Good  switching 
operation  generally  requires  that  the  main  gap  voltage  be 
close  to  Static  breakdown,  but  triggering  Is  conmonly 
observed  for  applied  voltages  below  60X  of  VJb.  Consistent 
with  the  findings  of  other  workers,  we  find  the  most 
consistent  triggering  to  occur  when  the  polarity  of  the 
trigger  pulse  Is  opposite  to  that  of  the  more  distant  main 
gap  electrode  (-♦  or  ♦-),  and  we  find  the  lowest  delay  to 
switch  closure  in  the  -♦  configuration.  In  this  paper  we 
discuss  results  for  all  four  possible  polarity 
configurations  and  for  a  range  of  main  gap  charging 
voltages. 

Several  mechanisms  for  trlgatron  triggering  have 
been  suggested.  *  Of  most  relevance  to  the  work  we  discuss 
here  Is  the  model  of  9»kuropat.®''  This  model  Is  based 
primarily  on  the  observation  that  trlgatron  triggering 
depends  on  the  polarity  of  the  pulse  applied  to  the  trigger 
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Figure  1.  Schematic  Drawing  of  the  eiq>er1mental  setup. 


pin.  The  model  proposes  that  triggering  Is  the  result  of 
the  formation  of  one  or  more  streamers  starting  at  the  tip 
of  the  trigger  pin,  and  that  these  streamers  appear  and 
propagate  across  the  main  gap  Independent  of  and  before  the 
appearance  of  the  spark  In  the  trigger  gap.  The  arc  channel 
then  forms  through  an  ohmic  heating  process.  The  terminus 
of  the  arc  channel  is  the  trigger  pin  tip,  and  the  trigger 
spark  between  this  tip  and  the  adjacent  main  gap  electrode 
forms  only  to  complete  the  circuit.  This  model  was 

supported  by  voltage  and  current  measurements,  ty  time- 
resolved  photographs  of  the  breakdown,  and  by  the  traces  of 
photomultipliers  recording  the  li^it  emission  Intensity  from 
the  gap. 

A.  DPERIHENTAL  SETUP 

He  have  carried  out  a  systematic  study  of  the  physical 
mechanisms  responsible  for  trlgatron  triggering  using  high 
speed  streak  photography  to  resolve  directly  the  Initial 
events  leading  to  breakdown.  The  e*>er1mental  setup  used  in 
these  studies  Is  shown  In  Fig.  1.  A  trlgatron  of 

essentially  standard  design  ms  enclosed  In  a  vacuun 
enclosure  trfilch  can  be  evacuated  and  then  backfilled  with 
any  desired  fill  gas.  Voltage  <cs  applied  to  the  mein  gap 
through  a  charged  coaxial  cable  system.  To  minimize  the 
Intense  optical  emission  from  the  fully  formed  spark  channel 
a  short  (10  ns)  charging  cable  was  used.  The  trigger  pin 
was  insulated  from  the  adjacent  electrode  by  a  fbcor  ceranVc 
sleeve,  and  the  position  of  the  pin  tip  was  adjustable.  The 
pin  was  machined  to  a  sharp,  off-center  point  In  order  to 
encourage  the  trigger  spark  to  form  at  the  saw  position 
each  time.  The  mal n  gap  electrode  separation  was  8  mm  and 
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there  mbs  a  4  mm  diameter  hole  In  one  electrode  to 
accomnodate  the  trigger  pin  end  Insulating  sleeve. 

In  order  to  provide  a  fast  rise  time,  reproducible 
voltage  pulse  to  the  trigger  pin,  a  photoconductl ve  s Mitch 
mbs  used  In  the  trigger  circuit.  Ihe  switch  consisted  of  a 
1x4x15  am  bar  of  high  resistivity  fiaAs  with  conductive  epoqr 
electrical  contacts  on  each  end.  The  switch  «es  excited 
with  the  1.06w«  output  of  a  Q-swItched  Nd:YAG  laser  which 
provided  50  In  a  8  ns  Fttfl,  3  ns  rise  tlae  pulse.  The 
switch  connected  a  short  length  of  RG58/U  coaxial  cable, 
charged  through  a  large  resistor,  to  the  trigger  pin  of  the 
trl  getron.  There  mbs  a  lkn  resl  stor  between  the  sw<  tch  and 
the  trigger  pin  to  minimize  the  energy  deposited  Into  the 
trigger  spark,  and  to  ensure  that  the  voltage  on  the  trigger 
pin  fell  rapidly  to  zero  upon  breakdown  of  the  trigger 
gap.  The  output  voltage  of  the  switch,  before  the  1  kfl 
resistor,  was  aonltored  with  a  Tektronix  h1<y>  voltage  probe 
and  displayed  on  a  Tektronix  7831  storage  oscilloscope. 

B.  EXPERIMENTAL  RESULTS 

Streak  photographs  of  the  early  stages  of  breakdown  In 
pure  fu  with  the  polarity  configurations  ♦-  and  -* 
respectively  are  shown  In  Fig.  2.  The  positions  of  the  aaln 
gap  electrodes  and  the  trigger  pin  are  Indicated  to  the 
side.  The  brl^it  region  on  the  lower  electrode  Is  from  the 
trigger  spark  and  the  corresponding  brirfit  region  on  the 
upper  electrode  Is  a  reflection  of  this  spark.  In  both 
cases,  a  weak  1  urinous  front  Is  seen  to  propagate  from  the 
trigger  spark  across  the  gap.  These  photographs  were 
obtained  by  digitizing  and  storing  the  output  of  the  streak 
camera,  and  the  relatively  low  spatial  resolution  of  the 
digitization  process  Is  evident  In  the  photos.  Althou^i  the 
shot  noise  In  these  photographs  makes  precise  determination 
of  the  characteristics  of  the  front  difficult,  the  behavior 
Is  similar  In  the  two  cases,  and  the  propagation  velocity  Is 
lxl 0®  cm/sec.  The  delay  to  main  gap  breakdown,  defined  as 
the  time  between  the  fall  of  the  trigger  pin  voltage  and  the 
onset  of  the  current  rise  In  the  main  gap,  mbs  20  and  <5  ns 
for  the  ♦-  and  -♦  confl guratlons,  respectively. 

The  observation  that  the  -♦  configuration  produced  a 
shorter  delay  than  did  the  +-  was  consistently  observed  In 
our  ejqteiiments.  Is  In  agreement  with  the  findings  of  most 
other  workers,  and  underscores  the  Inportance  to  switch 
closure  of  the  second,  or  heating,  phase  of  breakdowi  In 
which  the  resistive  streamer  channel  Is  converted  Into  a 
highly  conductive  spark  channel. 

Fig.  3  shows  the  velocity  of  these  fronts  as  a  function 
of  main  gap  charging  voltage  for  pure  Ng  for  the  polarity 
configurations  -♦  and  The  notation  elseslde  some  points 
Indicates  that  the  point  wes  obtained  with  the  tip  of  the 
trigger  pin  extending  past  the  plane  of  the  main  electrode, 
Into  the  gap.  All  other  points  »cre  obtained  with  the  tip 
still  Inside  the  hole  In  the  xmln  electrode.  The 

detenri nation  of  the  velocity  of  the  front  is  somevdiat 

subjective  due  to  shot  noise.  The  error  bars  In  Fig.  3 
Indicate  the  largest  and  smallest  reasonable  values  for  this 
velocity. 

Mt  also  Investigated  the  +*  and  —  polarity 

configurations,  and  found  that  triggering  mbs  significantly 
Inferior  In  both  cases  to  the  -*  and  ♦-  configurations. 

With  the  —  configuration  triggering  «ms  sporadic.  We 
observed  a  very  weak  1  uni  nous  front  with  the  ** 
configuration  at  charging  voltages  above  about  751  of  Vtb, 
but  in  no  case  did  we  observe  a  front  with  the  •• 

configuration.  Further  the  velocity  of  the  front  «s  auch 
slower  in  the  ♦♦  confl grretl on  than  In  the  -♦  or  At  a 
charging  voltage  of  951  of  V.b,  corresponding  to  a  ail  form 
field  E/N  •  1x10*^  V-car,  tne  velocity  Is  approximately 
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Figure  2.  Streak  photographs  of  the  Initial  stages  of 
breakdown  In  the  two  hetero-polar  configurations.  Positions 
of  the  electrodes  are  Indicated  In  the  drawings  at  the 
rigit. 

1.8xl07  cm/sec,  coroarable  with  the  electron  drift  velocity 
at  this  E/N  of  lxl(r  cm/sec.® 

We  have  also  studied  streamers  In  gas  irixtures  of  Ng 
containing  2.5  and  201  0,.  The  results  observed  In  these 
cases  were  generally  similar  to  those  with  a  pure  Ng  fill, 
except  that  In  the  -♦  configuration  with  Og,  the  liarinous 
front  clearly  started  from  the  tip  of  tne  trigger  pin 
instead  of  from  the  trigger  spark  In  several  cases.  Fig.  4 
shows  streak  photographs  obtained  In  the  -♦  configuration 
with  the  trigger  pin  extending  Into  the  gap  as  shown.  The 
upper  photo  wes  taken  with  a  Ng/Og  fill,  whereas  the  lower 
resulted  from  a  pure  Ng  fill.  In  the  upper  photo  the 
lari  nous  front  clearly  starts  from  the  tip  of  the  trigger 
pin,  end  propagates  very  rapidly  for  a  distance  of  2  an, 
starting  at  the  same  time  as  the  appearance  of  the  trigger 
spark.  It  Is  uk  1  ear  tdrether  the  agent  responsible  for  the 
laid  nous  front  actually  propagates  In  this  manner,  or  If  It 
started  before  the  trigger  spark  and  propagated  more  slowly, 
but  only  became  visible  due  to  photoionization  from  the 
trigger  spark.  After  this  point,  the  front  travels  with 
more  or  less  constant  speed  across  the  gap.  This  behavior 
Is  not  seen  in  the  streak  photograph  taken  with  pure  Ng 
fill. 

Further  evidence  that  the  lueinous  front  starts  from 
the  tip  of  the  trigger  pin  Instead  of  from  the  trigger  spark 
In  Og-contal nl ng  mixtures  Is  seen  In  Fig.  5,  vridch  shws  a 
streak  photograph  obtained  «dth  the  trigger  pin  recessed 
Into  the  main  electrode,  at  a  higher  charging  voltage  than 
with  Fig.  5,  and  with  the  -♦  polarity  configuration.  In 
this  case,  the  luminous  front  dearly  starts  before  the 
appearance  of  the  trigger  spark.  Consistent  *dth  the 
finding  with  the  trigger  pip  extending  Into  the  gap,  this 
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Figure  X  Plots  of  the  dependence  of  the  streamer 
velocities  on  applied  voltage  for  the  tw  hetero-polar 
configurations.  Due  to  shot  noise  In  the  streak  photos  the 
determination  of  this  velocity  Is  somewhat  subjective  In 
many  cases,  and  the  error  bars  give  estimates  of  the  largest 
and  smallest  velocities  which  could  be  reasonable  Inferred 
from  these  photos. 


behavior  was  observed  only  with  fills  containing  and 
only  In  the  -♦  conf 1  guratl on. 

C.  DISCUSSION 

He  associate  the  laid  nous  fronts  such  as  In  Fig.  2  with 
streamer.  For  the  hl^ier  charging  voltages,  and  In  the 
hetero-polar  -♦  and  ♦-  configurations,  the  velocity  of  these 
fronts  Is  more  than  an  order  of  magnitude  too  large  to 
result  from  the  propagation  of  an  electron  sumrm  under  non- 
enhanced  field  conditions.  Surprisingly  the  propagation 
velocity  Is  the  same  for  both  main  gap  charging 
polarities.  Particularly  at  lower  applied  fields.  It  Is 
generally  accepted  that  under  otherwise  Identical 
conditions,  a  cathode-directed  streaner  propagates  slower 
than  an  anode-directed  streamer.  In  our  numerical 
simulations  of  streamer  propagation,  however,  we  found  that 
quasi -stable  propagation  was  possible  for  a  wide  range  of 
streamer  head  shapes  and  sizes,  and  that  the  propagation 
velocity  varied  significantly  with  head  shape  and 
size.  We  conclude,  therefore,  that  the  sizes  and  other 

characteristics  of  the  cathode  and  anode-directed  streamers 
seen  In  Fig.  2  aust  differ,  this  conclusion  Is  supported  by 
the  data  on  Min  gap  breakdown  In  Mich  the  Min  gap  current 
ms  observed  to  start  to  rise  within  5  ns  of  the  appearance 
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Flgjre  4.  Streak  photographs  obtained  with  the  trigger  pin 
extending  Into  the  gap  region.  The  upper  photo  was  with  a 
Nj/C^  fill,  and  the  lower  with  pure  Note  that  the 

ltminous  front  clearly  starts  from  the  tip  of  the  trigger 
pin  In  the  upper  photo. 


2.6%  0,  471  TORR  78.5%  Vlb 


- 1  5  ns  | — 

Figure  5.  Streak  photo  obtained  with  the  trigger  pin 
recessed  Inside  the  Min  electrode,  with  an  02-contalnlng 
fl  11  ml  xture. 


of  the  trigger  gap  spark  for  the  -♦  configuration,  idierees 
In  the  ♦-  case  there  ms  a  delay  of  -  20  ns  before 
significant  current  rise  ms  observed. 

The  strong  dependence  of  the  streamer  characteristics 
on  the  relative  polarity  of  the  trigger  voltage  pulse  is 
surprising.  If  the  streamer  propagated  while  the  triple 
pin  ms  still  charged  such  behavior  would  be  ejected,  since 
for  the  hetero-polar  confirmation  the  charged  trigger  pm 
enhances  the  electric  field  bet«*en  the  pin  and  the  distant 
electrode,  whereas  In  the  homo-polar  conflgurtlon  the  field 
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it  redrced.  Indeed,  the  observation  of  silistantlal 
oiffemces  In  tri soaring  characteristics  In  the  hetero-  and 
•ww-polar  configurations  led  Shkuropat  to  suggest  that  the 
itneer  originated  free  the  tip  of  the  trigger  pin  and 
propagated  across  the  oeln  gap  prior  to  the  breakdown  of  the 
trigger  gap.®*7  In  our  results  with  pure  fills,  however, 
the  strewer  is  Initiated  by  the  appearance  of  the  trigger 
apart,  and,  because  of  the  1  ka  resistor  in  the  trigger 
circuit,  the  trigger  pin  voltage  certainly  drops  to  a 
negligible  value  at  this  time.  *  conclude,  therefore,  that 
the  initiating  conditions  for  the  streamer  play  a  dominant 
role  in  the  subsequent  behavior  of  the  streamer.  This 
conclusion  is  consistent  vdth  a  similar  observation 
discussed  above  reached  on  the  basis  of  the  similar 
velocities  of  cathode  and  anode-directed  streamer,  and  It  Is 
egiected  on  the  basis  of  our  rmnerlcal  simulation  results 
for  overvolted  streamers. 

The  observation  of  the  very  low  propagation  velocities 
for  fronts  with  the  ♦+  configuration,  and  the  absence  of 
luil nous  fronts  for  the  —  configuration  suggest  that 
streamers  are,  in  fact,  not  even  formed  In  these  homo-polar 
conflgiratlons.  It  appears  that  In  the  +♦  configuration  the 
limrt nous  fronts  we  observe  are  associated  with  electron 

swarms  drifting  across  the  gap,  perhaps  with  the  aid  of 
weakly  space-charge-enhanced  fields.  The  absence  of  a 
visible  propagating  front  for  the  —  configuration  is  then 
ejected  since  the  polarity  Is  such  as  to  push  ary  free 

electrons  back  Into  the  trigger  spark.  Breakdown  In  this 

case  oust  be  the  result  of  ohmic  heating  occurring  after  the 
creation  iy  the  trigger  spark  of  substantial  free  electron 
density  In  the  main  gap  region  either  through 

photoionization  of  the  fill  gas,  or  the  emission  of 

photoelectrons  from  the  cathode. 

Our  observations  with  the  trigger  pin  extending  Into 
the  main  gap  further  support  the  Importance  of  the 
Initiating  conditions  on  streamer  characteristics.  Although 
the  eiperlmental  error  bars  are  large.  It  appears  that  for 
both  hetero-pol ar  configurations  faster  streamer  velocities 
are  observed  with  the  pin  extending  Into  the  gap  than  with 
it  recessed  Inside  the  main  electrode.  Greater  field 

enhancements  In  the  region  of  the  tip  are  ejected  for  the 
exterior  case,  and  In  view  of  the  results  discussed  above 
for  the  **  confl gjatl on,  we  would  eipect  the  propagation 
velocity  to  be  faster  tAten  Initiated  with  the  larger  field 
enhancement,  as  observed. 

Finally,  **  consider  the  conditions  leading  to  the 
appearance  of  a  streamer  prior  to  the  trigger  spark.  We 
observed  thl  s  behavl  or  only  wl  th  an  O^-contal  nl  ng  f  1 11 
mixture,  with  the  polarity  configuration,  for  amln  gap 

charging  voltages  greater  than  about  791  of  Vsb-  and  with 

the  trigger  pin  Inside  the  main  electrode.  This  last 
restriction  is  probably  the  result  of  the  fact  that  we  were 
only  able  to  reach  charging  voltages  of  60i  of  the  uniform 
field  V-f,  with  the  extended  pin  due  to  the  reaction  In  the 
D.C.  holdoff  voltage  of  the  gap  In  this  case.  Our  finding 
is  In  agrcmwnt  with  the  model  of  9<kuropat  for  long,  air- 
filled  trlgatron  gaps  In  which  breakdown  triggering  results 
from  the  formation  of  a  streamer  at  the  trigger  pin  tip, 
independent  of  and  before  the  breakdown  of  the  trigger 
gap.  *'  It  is  curious  that  we  do  not  observe  this  behavior 
with  a  pure  fill.  We  speculate  that  the  enhanced  field 
at  the  trigger  pin  tip  is  more  Important  In  gaps  containing 
0?  because  of  the  finite  attachment  cross  section  of  0?  at 
low  fields.  Perhaps  larger  fields  are  needed  to  reach  a 
regime  Where  lapact  Ionization  exceeds  attachment  In  order 
to  Initiate  a  viable  streamer.  A  similar  requirement  would 
appear  to  be  necessary  for  the  apposite  polarity 
configuration,  ♦-,  however,  but  we  see  no  evidence  for  the 
appearance  of  a  streamer  before  the  trigger  spark,  or  even 


of  the  formation  of  a  streamer  from  the  trigger  pin  tip 
Instead  of  the  spark.  In  this  case. 

He  thank  A.  Bushnell  and  W.  tonnally  for  helpful 
discussions  of  trigatrons  and  photoconductl ve  switches 
respectively.  The  work  ms  supported  by  AFOSR  Grant  to. 
AF0SR-84-0032. 
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In  a  trlgatron  a  aaln  spark  gap 
Is  triggered  to  break  down  by  apply¬ 
ing  a  voltage  pulse  to  a  saaller, 
auxiliary  gap  placed  coaxial  with 
and  Inside  one  of  the  aaln  gap  elec¬ 
trodes.  The  aaln  gap  Is  generally 
O.C.  charged  to  a  voltage  soaewhat 
less  than  the  static  breakdown  volt¬ 
age.  Triggering  delay  and  Jitter 
are  reduced  with  Increasing  charging 
voltage,  but  reliable  triggering  has 
been  reported  with  charging  voltages 
lower  than  50X  of  static  breakdown.1 
Considering  the  widespread  use  of 
trlgatrons  In  pulse  power  switching 
applications,  the  physical  aechanlsa 
responsible  for  triggering  Is  of  con¬ 
siderable  Interest.  We  report  the 
results  of  an  experlaental  study, 
utilizing  prlaarlly  high  sensitivity 
streak  photography,  of  the  breakdown 
of  a  trlgatron  gap. 

A  schematic  drawing  of  the 
experlaental  apparatus  used  In  this 
study  Is  shown  In  Fig.  1.  The  spark 
gap  was  placed  In  a  vacuua  enclosure. 
Total  fill  gas  pressure  was  generally 
450  Torr,  and  experlaents  were 
carried  out  with  both  a  pure  Ng  fill 
and  a  alxture  of  N^  and  1  Torr  of  0^. 
The  gap  spacing  was  2  ca  and  the 
static  breakdown  voltage  for  pure  N£ 
fill  was  approxlaately  17.6  KV. 
Voltage  was  supplied  to  the  aaln  gap 
through  a  50  Q  coaxial  cable  charged 


with  a  regulated  power  supply.  The 
aaln  gap  discharged  Into  a  aatched 
50  Q  load  equipped  with  a  resistive 
divider  current  aonltor.  The 
auxiliary,  triggering  gap  consisted 
of  a  steel  rod  Inside  a  Macor  ceraalc 
sleeve  In  the  aaln  gap  electrode.  An 
off-axis  knife  edge  was  aachlned  on 
the  rod  tip  to  encourage  the  trigger 
spark  to  fora  at  the  saae  place  on 
each  shot.  The  ceraalc  sleeve  was 
flush  with  the  surface  of  the  aaln 
electrode  and  the  position  of  the 
steel  rod  was  adjustable. 
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Fig.  1.  Electrical  scheaatlc  of 
trlgatron  circuit. 


Voltage  was  applied  to  the  rod 
through  a  GaAs  photoconductl ve  switch 
controlled  by  the  <vl0  ns  wide,  1.06pa 
output  pulse  of  a  Nd:YAG  laser.  Kith 


# 
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this  system  an  essentially  Jitter- 
free  voltage  pulse  of  several  KV 
amplitude  was  applied  to  the  trigger 
gap.  Triggering  could  be  accom¬ 
plished  with  main  gap  charging  volt¬ 
ages  as  low  as  SOS  of  the  static 
breakdown  voltage  (VSB),  and  delay 
and  jitter  varied  from  about  20  ♦  1 
ns  for  charging  voltages  near  VSB  to 
several  hundred  ns  for  voltages  near 
the  lower  Halt. 

The  early  stages  of  the  break¬ 
down  were  monitored  with  a  high 
sensitivity  streak  camera  system  con¬ 
sisting  of  a  Hamamatsu  Hodel  C979 
Temporal  Disperser,  and  associated 
control  electronics.  Open  shutter 
photographs  were  obtained  with  a  35 
mm  camera,  and  spark  gap  current  and 
voltage  were  monitored.  In  most 
cases,  a  short  charging  cable, 
corresponding  to  a  pulse  length  of 
MO  ns,  was  used  In  order  to  minimize 
the  light  Intensity  from  the  main 
spark  which  could  swamp  the  electron 
optics  of  the  streak  camera. 

Three  mechanisms  for  trlgatron 

triggering  have  been  suggested.  In 

the  first,  field  distortion  around 

the  trigger  pin  launches  a  streamer 

which  crosses  the  main  gap,  event- 

1  2 

ually  causing  gap  closure.  '  In 
the  second,  the  Ionizing  radiation 
from  the  trigger  spark  creates  a 
broad  conducting  channel  which 
finally  constricts  under  ohmic  heat¬ 
ing  to  form  the  spark.  In  the  third, 
the  plasma  of  the  trigger  spark 
launches  a  streamer  which  crosses 
the  gap,  eventually  resulting  In 
twitch  closure. Propagation  of 
this  streamer  may  be  aided  by  photo- 
lonlzatlon  produced  by  radiation 
from  the  trigger  spark. 


In  all  streak  photographs  we 
have  obtained,  the  trigger  spark 
appeared  before  any  visible  activity 
In  the  main  gap,  precluding  the  first 
mechanism  In  our  experiments.  In 
streak  photos  of  gaps  with  *2^1 
tures  we  see  clearly  a  luminous  front 
propagating  across  the  gap,  starting 
from  the  trigger  spark.  Ir  gaps  with 
pure  Nj  this  front.  If  present.  Is 
very  much  weaker.  Instead,  emission 
appears  roughly  simultaneously  and 
uniformly  across  the  gap.  Further, 
using  a  short  (MO  ns)  charging 
cable.  In  open  shutter  photographs  we 
observe  a  large  diameter,  diffuse 
glow  of  roughly  uniform  Intensity  for 
pure  N2  fills,  and  a  similar  diffuse 
glow  but  with  Intense  channels  origi¬ 
nating  from  both  main  gap  electrodes 
for  Hj/Og  mixtures.  These  observa¬ 
tions  suggest  that  the  second,  or 
photoconductl ve,  mechanism  Is  domi¬ 
nant  with  pure  Ng  fill,  and  that  the 
addition  of  small  amounts  of  O2 
strengthens  streamer  formation, 
probably  through  supresslon  of  the 
photoconductl ve  mechanism. 

This  work  was  supported  by  the 
U.S.  Air  Force  Office  of  Scientific 
Research,  Grant  No.  AF0SR-84-0032 . 
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Abe tract 


A  spark  gap  was  designed  and  constructed  to 
aeasure  its  ties  dependent  arc  resistance .  The  arc 
current  was  Measured  and  the  resistance  calculated 
using  the  current  waveform  and  the  circuit  parameters. 
Operating  parameters  were:  Unipolar  pulses,  breakdown 
voltage  35  kV,  peak  current  30  kA,  toal  energy  per  shot 
I  kJ.  The  energy  dissipated  In  the  arc  was  found  to  be 
3  1  to  10  X  of  the  total  energy.  Arc  resistance  vs. 
time  curves  were  obtained  for  the  electrode  Materials 
Stainless  Steel,  Copper-Tungsten,  and  Graphite;  for  the 
gases  air.  Nitrogen,  and  SF$;  and  the  gas  pressures  1, 
2,  and  3  atn.  Statistical  analysis  was  performed  on 
the  resultant  data.  Essential  results  are:  Within  the 
statistical  and  measurement  errors,  the  resistance  Is 
Independent  of  the  electrode  material.  Por  each  gas, 
the  resistance,  R,  la  proportional  to  pd  (p-pressure, 
d-gap  distance).  The  constants  of  proportionality  for 
the  temporal  minimum  value  of  the  resistance  are: 
31f7  a  fi/co-bar  (air),  47114  a  Q/cm-bar  (Nj),  and 
76116  m  (1/ca-bar  (SP^). 


Introduction 

In  relation  to  spark  gap  erosion  studies  It  Is 

Important  to  obtain  Information  about  the  energy  or 

power  dissipated  In  an  arc  discharge.  The  main  energy 
sources  for  electrode  erosion  are  Joule-heating  of  the 
electrodes  and  the  power  dissipated  In  the  arc  Itself. 
In  order  to  Investigate  the  dependence  of  the  erosion 
rate  on  physical  parameters,  such  as  the  power 
dissipated  In  the  arc.  It  Is  desirable  to  have 

Information  on  the  arc  current  and  voltage  as  a 

function  of  time,  with  the  voltage  aeparated  Into 
resistive  and  Inductive  components.  Whereas  current 
measurements  are  etralght forward,  the  measurement  of 
the  arc  voltage,  and  especially  the  separation  Into 
resistive  and  Inductive  parts.  Is  difficult  at  best. 
The  first  problem  In  measuring  the  voltage  Is  the 
neccessarlly  high  dynamic  range  of  the  sensor  and 
recorder,  from  10's  of  kilovolts  before  breakdown  to 
several  10's  V  during  current  maximum.  Furthermore, 
direct  measurements  at  the  arc  (l.e.  voltage 
measurement  at  the  electrode  tips)  are  virtually 
Impossible. 

Several  authors  have  reported  arc  voltage 
measurements  In  the  past.  Barannik  at  al.  (1)  used 
capacitive  dividers  In  a  coaxial  arrangement,  Braudo 
and  Craggs  ( 2 ]  used  a  resistive  divider  and  a  biased 
diode  to  overcome  the  problem  of  the  high  Initial 
voltage.  Common  problems  for  these  arrangements  are, 
among  others,  stray  capacitances  of  the  probes,  use  of 
oonlloear  elements,  and  the  Impossibility  to 
distinguish  beween  resistive  and  Inductive  voltage 
drops.  Measurements  of  the  spark  gap  resistance  has 
also  been  reported  by  Sorenson  and  Rlatlc  13]  and  by 
Rlstlc  and  Dubois  (4(  for  very  short  pulses  (t<  2  ns) 
where  the  arc  drop  Is  relatively  large  and 
predominantly  resistive  In  nature. 

In  the  present  paper  a  pragmatic  approach  was 
chosen  to  overcome  the  mentioned  difficulties.  In  the 
circuit  equation 

Vo  -  j  yidt  ♦  Ri  (LI).  (1) 


with  R  -  Ro  *  R*(t)  ♦  Ra(t ),  L  -  Lq  ♦  Le(t)  ♦  L.(t) 
(to,  Lo  circuit  parameters,  R,,  Le  electrode 
parameters,  Ra,  La  arc  parameters,  and  Vq  breakdown 
voltage),  the  essential  unknown  quantities  are  the  arc 
realatance,  Ra,  and  the  arc  Inductance,  La.  All  the 
other  parameters  or  functions  can  be  either  measured 
easily  (  l(t),  C,  Lo,  Ro  )  or  estimated  within  a 
sufficient  accuracy  (Rc ,  La  using  the  geometry  of  the 
device  and  equations  describing  the  time  dependent 
skin  affect  (5)).  If  the  arc  inductance  La(t)  Is 
known  within  reasonable  accuracy,  Eq.  (1)  can  be 
solved  for  the  arc  resistance  Ra(t)  obviating  the 
need  for  making  explicit  arc  voltage  measurements. 


Experimental  Set-Up 

The  spark  gap  arrangement  Is  sketched  In  Fig.  1. 
It  was  designed  to  facilitate  changing  of  electrodes 
(electrode  materials  used  were  Graphite,  Stainless 
Steel,  and  Copper-Tungsten),  to  withstand  up  to  three 
atawspheres  of  gas  pressure,  and  to  provide  easy 
access  for  diagnostics.  In  order  to  obtain  a  unipolar 
pulse  In  accordance  to  other  experiments  on  electrode 
erosion  conducted  at  Texas  Tech  University,  the 
current  was  overcrltlcally  damped,  using  a  load 
resistor  of  0.8  Ohm. 


MARK  IV  SPARK  GAP  ASSEMBLY 


The  current  has  been  measured  using  a  Pearson 
Coil  (model  110)  around  one  of  the  eighc  current 
return  rode  of  the  aystem.  In  order  to  Increase  the 
accuracy  of  the  current  meaeurement,  the  dl/dt  signal 
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was  alto  Matured  with  a  calibrated  pick-up  coll. 
Output  alfnale  were  registered  with  a  transient 
digitiser  and  stored  In  e  coaputer. 

For  estimation  of  the  ere  Inductance,  La(t),  the 
aelf  luminance  of  the  arc  channel  was  recorded 
alaailtaneously  at  three  axial  positions  with  a  streak 
ceMra.  The  arc  Inductance  was  calculated  froa  the 
channel  radius  as  a  function  of  ties,  taking  a 
homogeneous  current  distribution  within  the  luminous 
channel  as  basis  for  the  Mxlaua  Inductance  value  and  a 
surface  current  distribution  as  basis  for  the  alnlaua 
value.  Both  values  have  been  considered  to  estlaate 
the  total  error  for  the  final  calculation  of  the  arc 
resistance . 


Results 


Figure  2  shows,  as  an  example,  the  arc  current, 
resistance,  and  resistive  arc  voltage.  Including  the 
range  of  uncertainty  for  the  resistance.  Inductive 


where  Cg  describes  the  dependence  on  the  gas.  This 
constant  has  the  values  31-?  for  air,  47114  for  N;, 
and  76±16  aftyca  bar  for  SFj.  Due  to  the  aeasureaent 
errors,  a  dependence  on  pressure  as  proportional  to 
p1'2,  as  mentioned  by  Hesyats  [6 ? ,  cannot  be  excluded. 


Fig.  3  Inductive  Arc  Voltage  Drops 
•)  bg£Q*di/dt,  b)  1 •dL,rc/dt 


The  time  dependence  of  the  measured  arc 
resistance  has  been  compared  with  different  models  for 
the  case  of  the  filling  gas  being  air.  Whereas  the 
older  models  of  Toepler  [7]  and  Welzel/Rompe  18)  show 
discrepancies  of  up  to  a  factor  of  10,  excellent 
agreement  Is  found  with  the  model  of  Mesyats  |6)  and 
Vlastos  (9]  for  times  up  to  the  current  suixlmum  (Fig. 
4). 


Fig.  2  Arc  Current,  Voltage,  and  Resistance  for 
Craphlte  Electrodes  in  Nj  at  1  Atmosphere. 

parts  of  the  arc  voltage  are  In  the  same  order  of 
magnitude  during  the  current  maximum  (Fig.  3). 
Measurements  have  been  performed  for  all  combinations 
of  electrode  material  (stainless  steel  304,  Craphlte 
AFC-100,  Copper -Tungsten  3W3),  gases  (sir,  Nj,  SFj,), 
end  pressures  (1,  2,  end  3  atm).  The  breakdown  voltage 
been  kept  fixed  for  all  cases  to  35  kV  In  order  to 
provide  comparable  peak  current  amplitudes  of  approxi¬ 
mately  30  kA  by  adjusting  the  gap  distance. 

Within  the  siasureaent  and  statistical  errors,  no 
dependence  of  the  resistance  on  the  electrode  material 
has  been  found.  The  value  of  the  resistance  at  Its 
ttapsnl  minimum  depends  on  the  gas  type,  pressure,  end 
gap  distance  at  *ordlng  to 
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Fig.  4  Comparative  Arc  Resistance  Flot 


sa 


Dlicunlon 


By  careful  design  and  analysis  of  a  spark  gap  and 
Its  circuit  gaoaatry.  It  Is  possible  to  find  the  power 
dlsslpeted  In  the  arc  (Including  the  electrode  fall 
regions)  within  reasonable  eccuracy  without  performing 
an  explicit  voltage  measurement.  kelatlvely  staple 
diagnostical  aethods,  such  as  current  aeasureaents  and 
optical  diagnostics  using  a  streak  camera  to  determine 
the  arc  radius  as  a  function  of  time,  reveal  sufficient 
information  to  determine  the  arc  resistance  and  the 
power  dissipated  1.':  the  arc  with  an  accuracy  of 
approximately  20  2. 
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